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Abstract

Metabolism research has made tremendous progress over the last several decades in establishing
the adipocyte as a central rheostat in the regulation of systemic nutrient and energy homeostasis.
Operating at multiple levels of control, the adipocyte communicates with organ systems to adjust
gene expression, glucoregulatory hormone exocytosis, enzymatic reactions and nutrient flux to
equilibrate the metabolic demands of a positive or negative energy balance. The identification of
these mechanisms has great potential to identify novel targets for the treatment of diabetes and
related metabolic disorders. Herein, we review the central role of the adipocyte in the maintenance
of metabolic homeostasis highlighting three critical mediators: adiponectin, leptin, and fatty
acids.
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Stern et al. review the central role of the adipocyte in the maintenance of metabolic homeostasis, highlighting the role of adiponectin,
leptin, and fatty acids in meeting the metabolic demands of a positive or negative energy balance to regulate systemic nutrient and
energy utilization.
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INTRODUCTION

With the increasing incidence of obesity and Type 2 Diabetes Mellitus in the U.S. and
abroad, the lipotoxic effects of overnutrition have become a stark reality. Consequently, the
field has focused on novel signaling molecules and pathways that regulate metabolic
homeostasis with the hope of identifying a pharmacological target to limit obesity and/or its
pathophysiological consequences. Within the scope of these efforts, it has become evident
that adipose tissue-derived signaling molecules are amongst the most influential. In fact,
adipose tissue has gained respect as a bona fide endocrine organ that regulates systemic
metabolic homeostasis, responding to nutrient flux to equally match the metabolic demands
of positive or negative energy balance. In turn, the secretion of adiponectin, leptin, and fatty
acids (among other adipokines) are regulated by fasting and feeding. Fasting increases
adipose tissue lipolysis, and thus non-esterified fatty acid release. In contrast, fasting acutely
decreases circulating leptin (Boden et al., 1996), while adiponectin tends to increase with
fasting (Halberg et al., 2005).

Prompted by the discovery of leptin more than 20 years ago (Zhang et al., 1994), followed
by that of adiponectin (Scherer et al., 1995), and potentiated by the identification of 600+
adipocyte-derived secretory products since (Halberg et al., 2008) (Lehr et al., 2012b) (Lehr
et al., 2012a), our appreciation for white adipose tissue (WAT) as a highly influential driver
in the regulation of systemic metabolic homeostasis continues to expand. As such,
polypeptides secreted by adipocytes, termed adipokines, have increasingly gained respect for
their potent effects on systemic energy homeostasis. With the recent developments in our
understanding of adipose tissue function as an endocrine organ, we are expanding our
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appreciation of the role that adipocytes take in the regulation of whole body homeostasis.
The downstream effects of adipose tissue signaling range from central regulation of energy
expenditure and satiety to altering the secretion of glucoregulatory hormones in the
endocrine pancreas. Furthermore, we are beginning to appreciate the reciprocal signals from
other tissues that communicate with adipose and alter adipokine production and release,
hence the term “crosstalk”.

Over the course of the past 20 years, our laboratory has focused on understanding the
mechanisms mediating the “healthy” expansion of adipose tissue during positive energy
balance. In fact, we have shown that a fully functional, insulin-sensitive fat pad has a
positive systemic impact, rescuing other peripheral organs from the lipotoxic effects of
dyslipidemia during times of excess caloric intake (Kim et al., 2007; Kusminski et al.,

2012). These effects are, in part, mediated by the adipocyte communicating with target
tissues to affect metabolic homeostasis. Importantly, these findings are robustly supported by
human studies demonstrating that, /ndependent of total body fat mass, adipose tissue
dysfunction, inflammation, and an imbalance of circulating adipokines are associated with
insulin resistance in obese individuals (Hardy et al., 2011; Kloting et al., 2010).

Indeed, numerous of adipocyte-derived secretory factors have been identified to play a role
in the maintenance of glucose, lipid, and energy homeostasis, each contributing to the
communication between the adipocyte and tissues involved in the maintenance of glucose,
lipid, and energy homeostasis. Here, we are focusing on the inter-cellular and inter-organ
communication axis that has the adipocyte as a central nexus highlighting three critical
mediators: adiponectin, leptin, and fatty acids. We do not wish to distract from the
importance of many additional adipocyte-derived products that are physiologically
important. However, we believe that these three factors serve as excellent paradigms for
adipocyte-derived products that exert a profound influence on systemic metabolic
homeostasis.

ADIPOCYTE COMMUNICATION REGULATES LIPID METABOLISM:
EFFECTS ON ECTOPIC LIPID ACCUMULATION

Adipose Tissue Lipid Metabolism

Adiponectin—Although most research efforts aimed at understanding the effects of
adipokines have focused on endocrine functions, these adipocyte-derived signals also have
profound autocrine and paracrine functions. In fact, adiponectin appears to encourage the
“healthy” expansion of adipose tissue. Adiponectin has repeatedly been shown to enhance
insulin sensitivity (Berg et al., 2001) and maintains healthy adipose tissue expansion while
rescuing ectopic lipid accumulation in animal models (Xu et al., 2003; Yamauchi et al.,
2001). Accordingly, several human studies have associated an increased prevalence of
diabetes with polymorphisms in the gene encoding adiponectin that lead decreased levels of
adiponectin (Hara et al., 2002; Stumvoll et al., 2002). In leptin deficient (ob/0b) mice,
maintaining adiponectin at lean levels as opposed to the widely observed drop of adiponectin
in the obese state, increases fat mass, yet improves insulin sensitivity (Kim et al., 2007). In
fact, adiponectin enhances adipocyte lipid storage, thereby preventing ectopic lipid
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accumulation. Adiponectin overexpression in 3T3-L1 cells increases lipid storage and
adipogenesis (Fu et al., 2005).

Leptin—Leptin was first recognized for its prominent action on the hypothalamus to
control food intake, energy expenditure, and, hence, body weight (Friedman and Halaas,
1998; Halaas et al., 1997; Halaas et al., 1995; Montez et al., 2005; Zhang et al., 1994). The
discoveries of leptin and adiponectin were the first indications that adipose tissue was an
endocrine organ with widespread control over systemic energy homeostasis. Although the
precise mechanisms by which leptin and adiponectin are secreted from the adipocyte remain
elusive, their metabolic effects on target tissues are robust. While the adipocyte lacks a
classical triggered secretory pathway for adipokines, it is clear that the release of both leptin
and adiponectin can be acutely enhanced through a variety of factors. Circulating levels of
leptin are proportional to fat mass and leptin receptors are abundantly expressed in many
tissues, including on the adipocyte, suggesting leptin may regulate adipose tissue
metabolism through autocrine signaling. Fasting acutely decreases leptin (Boden et al.,
1996), suggesting that factors aside from fat mass regulate its secretion (ie: fasting-induced
changes in circulating insulin (Barr et al., 1997)). /n vitro, leptin decreases lipogenesis,
increases triglyceride hydrolysis, and increases fatty acid oxidation (William et al., 2002).
However, the predominant effects of leptin on adipose tissue may be mediated through the
peripheral nervous system. Leptin increases the sympathetic efferent signal to both brown
adipose tissue (Rezai-Zadeh and Munzberg, 2013; Scarpace and Matheny, 1998) and white
adipose tissue (WAT) to increase lipolysis (Bartness et al., 2005; Geerling et al., 2014). To
fully identify the role of leptin, Zeng and colleagues (2015) recently explored the role of
leptin in the neuro-adipose junction (Zeng et al., 2015). Utilizing optogenetic stimulation of
sympathetic innervation in white fat, the authors visualized and identified /n vivo the neuro-
adipose junctions that mediate the lipolytic effect of leptin, establishing that the leptin
induced lipolysis is mediated by sympathetic neurons that innervate adipocytes in white
adipose tissue (Zeng et al., 2015). Thus, although leptin is affecting adipose tissue, this
effect does not appear to be entirely autocrine in nature, but instead depends on an intact
sympathetic nervous system (Figure 1).

Hepatic Lipid Metabolism

As the master regulator of systemic lipid and glucose homeostasis, the liver is the organ
most affected by ectopic lipid accumulation. Accordingly, non-alcoholic fatty liver disease
(NAFLD), and non-alcoholic steatohepatitis (NASH) are now considered the most common
forms of liver disease in the U.S. NAFLD and NASH are common in obesity, with up to
90% prevalence of NAFLD in the obese population (Bellentani et al., 2010). NAFLD and
NASH can be associated with insulin resistance, though not in all cases, and a subgroup of
individuals amongst this group has a higher risk of progressing to cirrhosis and, eventually,
hepatocellular carcinoma (Cohen et al., 2011; Starley et al., 2010). Hence, excess lipid
deposition in the liver can have severe physiological consequences in some individuals.

The canonical lipid transport mechanisms mediated by albumin and lipoproteins regulate the
flux of lipids between tissues. As such, lipids are continuously transported either from
adipose to the liver and skeletal muscle or from the liver to adipose and skeletal muscle.
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Studies demonstrating that a 16 hour fast in mice induces nearly a ten-fold increase in
hepatic lipid accumulation illustrate the powerful impact that adipose tissue lipolysis has on
lipid accumulation in the liver (Renquist et al., 2012). Adding to our classical understanding
of the role of lipid transport, synthesis, and utilization in hepatic lipid metabolism and
deposition, we (Holland et al., 2013; Xia et al., 2015) and others (Awazawa et al., 2009;
Yamauchi et al., 2002) have identified key mechanistic links that provide the basis for an
adipose tissue-liver communication axis that regulates systemic metabolic homeostasis.

Adiponectin—Both subtypes of adiponectin receptors (adipoR1 and adipoR2) are
expressed in the liver (Yamauchi et al., 2003). Serum adiponectin is decreased in obese,
insulin resistant, type 2 diabetic rodents and humans (Scherer, 2006). Suggesting a possible
causative role of this depressed adiponectin in insulin resistance of obesity, adiponectin
overexpression prevents high fat diet induced hepatic lipid accumulation in rodent models of
obesity (Kim et al., 2007). Furthermore, genetically eliminating adiponectin in leptin
deficient (0b/ob) obese mice intensifies hepatosteatosis (Holland et al., 2013).

Adiponectin decreases hepatic lipogenesis and increases -oxidation through adipoR1
mediated activation of AMP protein kinase (AMPK) and peroxisome proliferator-activated
receptor (PPARa) (Awazawa et al., 2009; Miyamoto et al., 2012; Yamauchi et al., 2002;
Yamauchi et al., 2007). As a cellular energy sensor, AMPK inhibits lipogenesis by
phosphorylating the rate-limiting enzyme of de novo lipogenesis, acetyl CoA carboxylase-1
(ACC-1). This decreases in ACC-1 activity, decreases malonyl CoA production, thereby
relieving inhibition of carnitine palmitoyl transferase-1 (CPT-1) activity and enhancing fatty
acid transport into the mitochondria to undergo B-oxidation. These observations are in
contrast to the effects on hepatic glucose output. Birnbaum and colleagues reported that the
hepatic loss of the upstream activator of AMPK, LKB1 partially impaired the ability of
adiponectin to lower serum glucose, though other actions of the hormone were preserved,
including reduction of gluconeogenic gene expression and hepatic glucose production
(Miller et al., 2011). Others report that at the transcriptional level, adiponectin signaling
through adipoR1 induces the liver kinase B (LKB)-AMPK pathway which decreases the
expression of genes involved in hepatic lipogenesis and cholesterol synthesis by suppressing
sterol response element binding protein-1C (SREBP1c) expression (Awazawa et al., 2009)
(Figure 2). SREBP1c, a transcription factor, acts as a master regulator of lipogenic gene
expression in the liver. Activated by downstream insulin signaling, coupled with liver X
receptor (LXR) nuclear receptors in the liver, SREBP1c decreases the expression of
lipogenic enzymes, namely ACC-1 (Chen et al., 2004). Accordingly, genetic ablation of
SREBP1c prevents hepatic lipid accumulation in high fat diet fed and leptin deficient mice
(YYahagi et al., 2002). The Kadowaki laboratory recently reported a mechanism which links
SREBP1c to the anti-lipogenic effects of adiponectin. Through an AMPK mediated
inhibition of SREBP1c activity, the authors demonstrated that adiponectin inhibits the
expression of SREBP1c through the adioR1 receptor which mediates the liver kinase B
(LKB)-AMPK pathway (Awazawa et al., 2009). Intraperitoneal administration of
adiponectin suppressed hepatic SREBP1c within 4 hours and 8 hours post injection, the
MRNA expression of ACC-1 was decreased significantly. Importantly, the authors observed
that during this time course, plasma insulin and glucose remained unchanged. Thus, neither
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insulin signaling, nor changes in glycemia could account for this adiponectin-induced
decrease in lipogenic gene expression (Awazawa et al., 2009).

Adiponectin can ameliorate the hyperlipidemia and the resultant excess hepatic lipid
accumulation associated with metabolic dysfunction through a mechanism upstream of
AMPK signaling (Holland et al., 2011). When hepatocellular ceramide levels are high, these
lipids can decrease insulin sensitivity and increase apoptosis (Bikman and Summers, 2011).
We found that adiponectin lowers hepatic ceramide accumulation by enhancing ceramidase
activity associated with its two receptors, AdipoR1 and AdipoR2 to enhance ceramide
catabolism. Importantly, these effects were independent of AMPK activity (Holland et al.,
2011) (Figure 2). Most recently, we have extended our studies that originally identified
adiponectin’s receptor-associated ceramidase activity and consequent hepatic ceramide
lowering properties. With an appreciation that the communication between adipose tissue
and liver is crucial to the maintenance of systemic energy homeostasis, we sought to
understand this “cross-talk” from a lipid-centric perspective. Through the development of
transgenic mouse models that inducibly overexpress acid ceramidase in either adipose tissue
or liver, we found that ceramides readily exchange between adipose tissue and the liver.
Overexpression of acid ceramidase in either adipose tissue or the liver prevented hepatic
lipid accumulation and improved insulin sensitivity in both the liver and adipose tissue of
mice challenged with high fat diet (Xia et al., 2015). Thus, the enhanced ceramidase activity
induced by adiponectin signaling may be key to its potential therapeutic efficacy.

Adiponectin facilitates the metabolic effects of FGF21—Fibroblast growth factor
21 (FGF21), a member of the FGF superfamily is secreted by adipose tissue, liver, (Coskun
et al., 2008; Kharitonenkov and Larsen, 2011; Kharitonenkov et al., 2005) and skeletal
muscle. Originally cloned by Nobuyuki Itoh’s group (Nishimura et al., 2000) and later
identified in 2005 at Lilly Pharmaceuticals as a novel regulator of energy metabolism
(Kharitonenkov et al., 2005), it has since been studied as a potential treatment for TDM and
related metabolic disease. FGF21 restores euglycemia, ameliorates hyperlipidemia, and
decreases fat mass in animal models of obesity and T2DM (Coskun et al., 2008;
Kharitonenkov and Larsen, 2011; Kharitonenkov et al., 2005). Of particular interest to our
group was the observation that chronic FGF21 administration increased circulating
adiponectin levels (Adams et al., 2012). Thus, we sought to elucidate the relationship
between the metabolic actions of FGF21 and adiponectin. In so doing, we demonstrated that
FGF21 decreases the accumulation of ceramides in the liver, while stimulating adiponectin
secretion in mice (Figure 2). In fact, the concentration of adiponectin rose within 5 minutes
of FGF21 exposure and was significantly elevated within 15 minutes. By genetically
ablating the gene encoding adiponectin in both Leptin deficient (ob/0b) and diet-induced
obese (DIO) mice, we further demonstrated that FGF21 relies on adiponectin to exert its
blood-glucose and lipid- lowering effects in obese mice (Holland et al., 2013).

Leptin—Similar to its catabolic action in the adipocyte, leptin prevents lipogenesis, while
activating p-oxidation of fatty acids in the liver. Leptin receptors are abundantly expressed in
the liver and their expression is increased in response to leptin administration and short term
fasting (Cohen et al., 2005), demonstrating that the liver is a direct target for leptin as well.
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In addition to presenting as hyperphagic and obese, leptin deficient ob/06 mice and leptin
receptor-deficient db/ab mice have hypertriglyceridemia, hypercholesterolemia (Nishina et
al., 1994), and impaired lipid tolerance (Haluzik et al., 2004), resulting in hepatic steatosis
(Trak-Smayra et al., 2011). To test the liver specific-effects of leptin signaling, Huynh and
colleagues recently generated a liver-specific leptin receptor knock out mouse which
displays decreased circulating levels of apolipoprotein-B, increased levels of low density
lipoprotein (VLDL) triglycerides, coupled with an increase in hepatic lipoprotein lipase
activity (Huynh et al., 2013). These results advocate for a role of leptin in the incorporation
of triglyceride into VLDL, allowing for the export of lipid to target tissues. Similar to
adiponectin, leptin increases hepatic fatty acid oxidation and decreases de novo lipogenesis
through the phosphorylation of ACC-1 (Huang et al., 2006) (Figure 2).

In addition to the aforementioned anti-lipotoxic effects, adiponectin and leptin both exert
beneficial anti-inflammatory actions on the liver to prevent the transition from NAFLD to
NASH. Adiponectin’s anti-fibrotic and anti-inflammatory roles have been shown to decrease
liver fibrosis in multiple models of steatohepatitis (Kamada et al., 2003; Xu et al., 2003).
Similarly, recombinant leptin and the leptin analog, metreleptin, are currently employed as a
treatment for lipodystrophy and congenital leptin deficiency. These therapeutic approaches
reverse hepatic lipid accumulation and decrease the severity of NASH in lipodystrophic
patients (Javor et al., 2005). Clinical trials are currently underway to assess the efficacy of
metreleptin as a treatment for NAFLD (ClinicalTrials.gov Identifier: NCT00596934),
providing a promising future for adipose derived secretory products as therapeutics for the
treatment of obesity-associated liver disease. Such a confirmation of leptin action in the
clinical setting is of great importance to the success of these therapeutics, as there are some
important discrepancies with respect to the effect of leptin and leptin deficiency between
rodents and humans (Wang et al., 2014).

Adipokines and Vascular Health

Obesity and Type 2 diabetes increase the risk for the development of atherosclerosis, a
disease process beginning with endothelial dysfunction, leading to increased
vasoconstriction, and ultimately coagulation and inflammation. The adipocyte secretes
numerous factors that play a role in angiogenesis (Cao, 2007). While pro-inflammatory
cytokines released from the adipocyte have been associated with systemic inflammation and
endothelial dysfunction, other adipokines have direct beneficial effects on the vasculature.

Adiponectin—The cardioprotective role of adiponectin has been demonstrated in
numerous rodent and cell culture models, and human studies demonstrating decreased
circulating adiponectin in patients with cardiovascular disease corroborate these findings
(Baker et al., 2006; Hotta et al., 2000). Adiponectin stimulates angiogenesis through
activation of AMP Kinase and AKT /n vivoand in vitro, thereby promoting endothelial
nitric oxide synthesis within the endothelial cell (Ouchi et al., 2004). Additional studies have
shown that the high molecular weight adiponectin form in particular inhibits endothelial
apoptosis /n vitro (Kobayashi et al., 2004). While the pro-angiogenic role of adiponectin is
beneficial to cardiovascular health, these actions may be detrimental in the context of some
cancers. For example, our lab has shown that deletion of the adiponectin gene in a mouse
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model of aggressive mammary tumor development leads to a reduction in angiogenic profile,
promoting tumor-associated cell death (Landskroner-Eiger et al., 2009). Additional studies
support our findings, demonstrating that inactivation of the T-cadherin gene, a binding
partner for high molecular weight adiponectin, attenuates mammary tumor growth by
restricting tumor vascularization (Hebbard et al., 2008).

Leptin—The relationship between leptin and cardiovascular disease remains somewhat
controversial, particularly in human studies in which the severity of disease can vary greatly
(Sweeney, 2010). Rodent models of obesity and hyperleptinemia demonstrate that leptin’s
effects on vasodilation are concentration dependent. Within normal physiological
concentrations, leptin stimulates the release of nitric oxide, thus promoting vasodilation. In
contrast, hyperleptinemia leads to the opposite effect. Knutson and colleagues showed that
leptin prevents the acetylcholine induced vasodilation mediated by nitric oxide both in vivo
and in vitro under obese concentrations of leptin, but not by normal physiological
concentrations of leptin (Knudson et al., 2005). Studies in leptin deficient mice provide
conflicting findings as to whether leptin is protective or detrimental to vascular health. While
leptin deficient mice on the background of low density lipoprotein receptor deficiency
developed severe hyperlipidemia (Hasty et al., 2001), leptin deficient mice on an
apolipoprotein-E deficient background fed an atherogenic diet were protected against the
development of atherosclerotic lesions in the form of fibrous plaques (Chiba et al., 2008).

The relationship that both adiponectin and leptin have with vascular function is an example
of the dichotomous role that adipocyte-derived secretory products have in maintaining
metabolic homeostasis. Depending on the physiological state, adipokine actions can be
extraordinarily beneficial or detrimental.

Skeletal Muscle Lipid Metabolism

Adiponectin—Adiponectin improves the systemic metabolic milieu by potentially
enhancing skeletal muscle fatty acid oxidation (Fruebis et al., 2001). These early results
were obtained with the truncated globular form of adiponectin. This form of the protein has
been widely used for pharmacological studies, even though it is still controversial whether
such a form of the protein exists /n vivo as a bioactive protein or whether it is merely an
unspecific degradation product generated during clotting. Also, it is not clear whether the
pharmacological effects attributed to globular adiponectin in any way reflect the effects of
the full-length version of adiponectin /in vivo. As such, globular adiponectin activates AMPK
in skeletal muscle, stimulating fatty acid oxidation via activation of p38 mitogen-activated
kinase and PPARa (Yoon et al., 2006). By promoting fatty acid oxidation in skeletal muscle,
globular adiponectin decreases intramuscular lipid accumulation, thereby preserving insulin
sensitivity (Ceddia et al., 2005; Civitarese et al., 2006; Fruebis et al., 2001; Yamauchi et al.,
2002). However, whether skeletal muscle is a bona fide target for adiponectin /n vivo under
normal physiological conditions has yet to be fully elucidated.

Leptin—Leptin receptors are abundantly expressed in human (Guerra et al., 2007) and
rodent (Liu et al., 1997) skeletal muscle and are upregulated in response to atrophy (Chen et
al., 2007), indicating that leptin stimulates skeletal muscle growth. Leptin increases skeletal
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muscle fatty acid oxidation and decreases triglyceride accumulation via activation of AMPK
(Minokoshi et al., 2002). To test the effects of leptin on skeletal muscle lipid oxidation,
Muoio et al measured [14C]oleate incorporation into CO, and triacylglycerol in explants of
mouse soleus muscle with insulin, leptin, or insulin plus leptin. While insulin increased
decreased fatty acid oxidation and increased incorporation into TAG, incubation with leptin
increased fatty acid oxidation by 42%, and decreased fatty acid incorporation in TAG by
35% (Muoio et al., 1997). When tissues were treated with both, leptin blunted the lipogenic
effects of insulin by 50%. Thus, leptin promotes catabolic regulation of skeletal muscle lipid
metabolism and the utilization of fatty acids to generate energy and decrease intramuscular
lipid accumulation.

Ectopic Lipid Accumulation in the Pancreatic p-cell

Adiponectin—Subsequent to the cloning of the adiponectin receptors adipoR1 and
adipoR2, (Yamauchi et al., 2003), Kharroubi and colleagues showed that both human and
rodent pancreatic -cells express mMRNAs for the adiponectin receptors, adipoR1 and
adipoR2, at high levels (Kharroubi et al., 2003). Further, the authors noted the expression
levels were comparable to liver. Just as the liver is sensitive to lipid overload, pancreatic 3-
cells are susceptible to the lipotoxic effects of overnutrition (Holland et al., 2011; Park et al.,
2011; Rakatzi et al., 2004) (Figure 3). We (Holland et al., 2011) and others (Park et al.,
2011; Rakatzi et al., 2004) have shown that adiponectin is capable of protecting the p-cell
against this toxicity. In fact, adiponectin prevents obesity and type | diabetes-induced
decreases in B-cell mass (Holland et al., 2011; Kim et al., 2007) and prevents the attenuation
of glucose stimulated insulin secretion in p-cells challenged with lipid overload (Rakatzi et
al., 2004). By generating a mouse model of inducible p-cell apoptosis in combination with
transgenic overproduction of adiponectin, we have demonstrated that adiponectin protects -
cells against caspase-8-mediated apoptosis (Holland et al., 2011). Additionally, adiponectin
prevents lipid and cytokine-induced apoptosis in INS-1 B-cells (Holland et al., 2011; Rakatzi
et al., 2004). Interestingly, Adiponectin receptor expression is increased by p-cell exposure
to oleate (Kharroubi et al., 2003), suggesting that lipids facilitate the anti-lipotoxic response
of adiponectin. We recently demonstrated that adiponectin is essential to maintain lipid
homeostasis under insulinopenic conditions (Ye et al., 2014). Upon near complete
elimination of insulin, adiponectin is critical for insulin signaling, endocytosis, and lipid
uptake in subcutaneous white adipose tissue. In the absence of both insulin and adiponectin,
severe lipoatrophy and hyperlipidemia ensue and lead to lethality. Transgenic elevation of
adiponectin rescues systemic lipid metabolism, even in the near absence of insulin.
Adiponectin can also reduce local ceramide levels, thereby mitigating lipotoxicity in
pancreatic islets, thereby promoting reconstitution of $-cell mass, eventually reinstating
glycemic control. The key pathways activated by adiponectin that lead to the reconstitution
of p cell mass are governed by HNF4a and PPARa, suggesting that transcriptional programs
that lead to a local improvement in lipid metabolism are key pathways activated by
adiponectin to achieve recovery.

Leptin—Similar to the protective role of adiponectin, leptin has also been shown to protect
B-cells from lipotoxicity in several rodent and /n vitro models. Adenovirus-mediated
hyperleptinemia in prevents streptozotocin-induced islet cell apoptosis and preserves p-cell
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mass by blocking lipogenesis in diabetic ZDF rats (Lee et al., 2007). Additionally, the Unger
group has shown that leptin reduces blood glucose and improves hyperlipidemia in insulin-
deficient, lean mice by inhibiting glucagon production by the a-cell (Wang et al., 2010).

Lipid Metabolism in the Kidney

Renal lipotoxicity is detrimental to kidney health and function (Moorhead et al., 1982). As a
result of altered expression of genes that regulate fatty acid oxidation, diabetic nephropathy
and chronic kidney disease result in renal lipid accumulation (Bobulescu, 2010; Kang et al.,
2015; Simon and Hertig, 2015). Increasing fatty acid oxidation, genetically or
pharmacologically, through local overexpression of PGCla, reduces folate-induced fibrosis
and tissue lipid accumulation (Kang et al., 2015). The overall substrate utilization switch to
lipid oxidation in diabetes leads to increased mitochondrial generation of reactive oxygen
species (ROS) (Rosca et al., 2012). As a result, tubule sodium, ammonia, and albumin
transport are reduced, leading to decreased pH buffering capacity in blood and urine
(Bobulescu et al., 2009; Erkan et al., 2007; Liu et al., 2012). Lipid metabolism in the kidney
is thus a delicate balance, which is, at least in part, regulated via adipocyte-secreted factors.

Adiponectin—Adiponectin is renoprotective in multiple mouse models and clinical studies
suggest that adiponectin is beneficial to kidney disease outcomes (Sweiss and Sharma,
2014). Adiponectin receptors are ubiquitously expressed in the kidney and activate AMPK
upon stimulation (Tanabe et al., 2015). In fact, AMPK activation limits the effects of high fat
diet-induced renal dysfunction (Decleves et al., 2011) and chronic inactivation of AMPK
leads to CKD (Ix and Sharma, 2010; Sweiss and Sharma, 2014). Accordingly, adiponectin
knockout mice demonstrate elements of CKD (Sharma et al., 2008) Interestingly,
Fenofibrate, a PPARa agonist, improves kidney function partially through adiponectin
signaling (Christou and Kiortsis, 2014).

Leptin—Leptin appears to play a role in renal triglyceride accumulation. In a mouse model
of lipoatrophic diabetes, wherein leptin is low due to highly limited fat mass, restoration of
circulating leptin normalized systemic glucose levels and reduced lipid accumulation and
proteinuria (Suganami et al., 2005). Leptin receptor deficient db/ab mice exhibit diabetic
nephropathy with increased renal triglyceride accumulation through an SREBP-1 and -2
dependent mechanism (Wang et al., 2005). Leptin-deficient o6/0b mice also present with
triglyceride accumulation in the kidney. Hyperleptinemic mice, however, have decreased
renal triglycerides compared to ob/06 mice, suffer however from increased ROS and
endoplasmic reticulum (ER) stress.

Fatty Acids—The podocyte is the first cell-type that is damaged in the progression of
diabetic nephropathy. When treated with palmitate, podocytes accumulate lipid droplets,
increase ER stress and ROS, and show reduced insulin-mediated Akt phosphorylation. Fatty
acid accumulation in the cortex reduces the expression and activity of sodium-hydrogen
exchanger 3 (NHE3), which promotes proximal tubule sodium absorption (Bobulescu et al.,
2009). Interestingly, while renal cortex triglyceride content was positively correlated with
BMI, total ceramide content was inversely proportional, suggesting an obesity-induced shift
in tubule fatty acid utilization (Bobulescu et al., 2014). In cultured podocytes, however,
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palmitate induced ceramide accumulation and insulin resistance is reversed by inhibiting
ceramide synthesis (Lennon et al., 2009).

ADIPOCYTE COMMUNICATION MAINTAINS SYSTEMIC GLUCOSE
HOMEOSTASIS

The dysregulation of glucose homeostasis in insulin resistance results from reduced glucose
clearance coupled with increased hepatic glucose production. Treatments that enhance
systemic insulin sensitivity have been shown to enhance glucose uptake by peripheral
tissues, while decreasing hepatic glucose output (Pernicova and Korbonits, 2014). Healthy,
fully functional adipose tissue is required for the maintenance of systemic insulin sensitivity.
This is exemplified in individuals with lipodystrophy and in mice with loss of specific
adipose tissue depots or complete ablation of adipose tissue. In the absence of adipose
tissue, severe insulin resistance ensues (Gorden and Gavrilova, 2003; Moitra et al., 1998;
Pajvani et al., 2005). Yet, adipose tissue excess can also lead to severe insulin resistance,
resulting in a decrease in adipose tissue glucose clearance. This depression in adipose
glucose clearance is a result of adipose tissue hypoxia, fibrosis, and the resultant
inflammatory, lipotoxic response (Kim et al., 2007; Kusminski et al., 2012). The initial
discovery of adiponectin (Scherer et al., 1995) and subsequent recognition of its potent
actions on numerous tissues and cell types as an insulin sensitizing, anti-apoptotic, and anti-
inflammatory peptide secreted by adipocytes (Berg et al., 2001; Combs et al., 2001; Combs
et al., 2004; Holland et al., 2011), coupled with the discovery of leptin just one year prior
(Zhang et al., 1994) and its insulin sensitizing actions (Chinookoswong et al., 1999;
Pelleymounter et al., 1995; Shimomura et al., 1999), provided the diabetes and obesity fields
with promising therapeutic targets for obesity-related hyperglycemia. (Okada-lwabu et al.,
2013; Ziemke and Mantzoros, 2010).

Adipocyte Glucose Metabolism

Adiponectin—The insulin sensitizing action of adiponectin is impressively conserved
among mammals, extending from mice and humans (Turer and Scherer, 2012) to the yellow-
bellied marmot and dolphin (Florant et al., 2004; Venn-Watson et al., 2013). While the
insulin sensitizing effects are a combination of the vast metabolic effects exerted on multiple
tissues, adiponectin also acts locally on the adipocyte to increase glucose uptake,
contributing to euglycemia and promotion of adipose tissue expansion. Accordingly,
lentiviral overexpression of adiponectin in cultured 3T3-L1 cells increases glucose uptake
(Fu et al., 2005). Adiponectin increases glucose uptake at submaximal insulin concentrations
independent of insulin signaling in primary rat adipocytes (Wu et al., 2003). While tyrosine
phosphorylation of insulin receptor and AKT phosphorylation was unaffected, adiponectin
treatment increased phosphorylation and catalytic activity of AMPK. Pharmacological
inhibition of AMPK abolished the increase in glucose uptake, demonstrating that AMPK
mediates adiponectin stimulated glucose update in the adipocyte (Wu et al., 2003).

We have recently shown that increasing insulin signaling in the mature adipocyte enhances
systemic insulin sensitivity (Morley et al., 2015) which may be mediated by an increase in
adiponectin secretion. We assessed the role of enhanced insulin signaling in the adipocyte,
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using an inducible model of adipocyte-specific deletion of the PTEN (phosphatase and
tensin homologue) gene, an inhibitor of the insulin signal transduction cascade. Although
these transgenic mice gained more weight in response to high fat diet feeding, they had
reduced adipose tissue inflammation and elevated circulating adiponectin levels. As such,
these improvements lead to reduced hepatic steatosis and enhanced hepatic insulin
sensitivity (Morley et al., 2015). The results of this study initially appear to contradict the
observation that mice with adipose-tissue specific deletion of the insulin receptor (FIRKO)
are leaner and are protected against age-related and diet induced glucose intolerance (Bluher
et al., 2002). However, combined, these studies suggest that insulin signaling is required for
the development of excess adiposity, which can lead to insulin insensitivity and glucose
intolerance. However, if insulin signaling can be maintained, so can glucose tolerance.

The rise in circulating adiponectin in our mouse model of enhanced insulin signaling,
suggests that adiponectin secretion from the adipocyte is regulated by local insulin
sensitivity. These observations offer us an opportunity to appreciate a more nuanced view of
insulin signaling within the adipocyte. While our study suggests that selective enhancement
in insulin sensitivity at the level of the adipocyte can improve whole-body glucose
homeostasis when induced in the mature adipocyte, it is possible that specific components of
the insulin signaling cascade in the adipocyte, rather than the entire receptor mediated signal
itself have the potential to modulate adiponectin secretion and systemic insulin sensitivity.

Leptin—Leptin receptors are abundantly expressed on the adipocyte. Early studies
demonstrated that leptin suppresses insulin-stimulated glucose uptake in cultured primary rat
adipocytes (Muller et al., 1997). Prolonged exposure of isolated rat adipocytes to leptin
prevents insulin binding and 20 minutes of exposure to high (80-800 ng/mL) concentrations
of leptin increases the expression of SOCS3 (an inhibitor of insulin receptor auto-
phosphorylation), suggesting that leptin inhibits insulin receptor activation (Perez et al.,
2004). Because adipocytes receive sympathetic innervation and respond to insulin, it has
been hypothesized that leptin may also regulate adipocyte glucose metabolism indirectly
through neuronal signaling.

Fatty Acids—L.ipids secreted from the adipocyte serve as signaling molecules that regulate
energy metabolism. As such, the variations in the composition of fatty acids released from
the adipocyte are vast, and so are their distinct actions on target tissues. We previously
reviewed the role of ceramides in the control of insulin sensitivity. Yet, additional classes of
lipids appear to also control metabolic flux. Using Glut4 overexpressing mice that present
with elevated lipogenesis and increased glucose tolerance, despite being obese and
hyperlipidemic, Kahn and colleagues lab has identified a class of endogenous lipids, fatty
acid esters of hydroxy fatty acids (termed ‘FAHFAS’), derived from adipose tissue that
potently increase adipose tissue insulin sensitivity (Yore et al., 2014). In humans, serum,
palmitic-acid-9-hydroxy-stearic-acid (PAHSA), a specific FAHFA isomer, concentration is
positively correlated with insulin sensitivity and, in mice, fasting induces an increase in
PAHSA accumulation in WAT. PAHSAs exert their action on adipocytes by binding to the
G-Protein coupled receptor GPR120, increasing GLUT4 translocation, and thus, glucose
uptake into the adipocyte. Treatment of diabetic mice with these lipids also stimulated
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GLP-1 and insulin secretion, leading to improved glucose tolerance and a reduction of
adipose tissue inflammation (Yore et al., 2014). The observed enhancement in insulin
secretion indicates that PAHSAs may also directly regulate -cell insulin exocytosis. As
suspected, PAHSAS enhanced glucose stimulated insulin secretion in isolated human islets at
high (20mM) but not low (2.5mM) glucose conditions (Yore et al., 2014). The stimulatory,
yet conditional, effect this new lipid class has on p-cell insulin exocytosis reflects the elegant
precision with which adipocyte secreted factors exert their actions.

Secretion of Glucoregulatory Hormones from the Pancreatic Islet

Glucose homeostasis is tightly regulated by insulin and glucagon, secreted by pancreatic -
cells and a-cells, respectively. Pancreatic a-cells and p-cells are sensitive to glucose induced
changes in the ATP:ADP ratio that directly manipulate membrane polarity to differentially
regulate the exocytosis of glucagon and insulin, respectively. Glucose stimulated increases in
cellular ATP inhibit the release of glucagon, while stimulating the release of insulin. In both
the a- and p-cell, the increase in ATP:ADP ratio blocks K arp channels leading to cell
depolarization. This depolarization differentially regulates Ca?* flux into the a- and B- cells.
In a-cells, depolarization resulting from closure of the Kagp channels reduces Ca%* entry
through T-type calcium channels, while glucose induced increases in ATP activate Ca2*
sequestration in the sarcoplasmic reticulum through Ca2*ATPase (Barg et al., 2000; Gopel et
al., 2000). In contrast, p-cells respond to depolarization with an increase in Ca** influx,
through voltage dependent Ca** channels, that stimulates insulin secretion. Although the
direct role of glucose in stimulating B-cell insulin secretion while inhibiting a-cell glucagon
secretion is fundamental to the opposing secretory function these two cell-types, recent
studies have demonstrated that some adipokines also regulate the secretion of these
glucoregulatory hormones.

p-cell Insulin Secretion

Leptin: Whether -cells express leptin receptors is still in question and currently debated.
While previous studies show that the p-cell expresses leptin receptors (Seufert et al., 1999),
Soedling and colleagues recently reported that leptin receptor mMRNA expression in isolated
B-cells was at or below the level of detection and, using a newly developed Creto
specifically target Leptin receptor deletion to the B-cell, the authors reported no metabolic
abnormalities (Soedling et al., 2015). Contrary to these findings, previous studies in isolated
pancreatic islets from rodents and humans (Emilsson et al., 1997; Fehmann et al., 1997;
Kieffer et al., 1997) showed that the pancreatic p-cell is a major target of leptin. Further,
studies in mice with targeted B-cell ablation of the Leptin receptor (ObR) gene have
confirmed this /n vivo (Covey et al., 2006; Morioka et al., 2007). Leptin inhibits insulin gene
expression and insulin secretion in human pancreatic islets (Seufert et al., 1999) and the
immortalized INS-1 B-cell line (Laubner et al., 2005). The inhibition of insulin secretion is
in response to the leptin induced increase in cell surface expression and K+ conductance
through Katp channels, which is achieved through leptin induced activation of AMPK and
subsequent PKA activity (Chen et al., 2013; Park et al., 2013). This increased K* leak from
the cell decreases Ca*™* flux into the cell and insulin secretion. Given the more recent
findings of Soedling and colleagues, it is possible that the effects of leptin on insulin
secretion are mediated by leptin signaling in the brain (Fujikawa et al., 2013) (Figure 3).
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Adiponectin: Similar to leptin, the insulin secretory response to adiponectin is not entirely
elucidated. Adiponectin treatment of isolated mouse islets exposed to 5.6mM glucose
stimulated insulin secretion. /n vivo experiments support this stimulatory role of
adiponectin, as intravenous injection of adiponectin increased insulin secretion in mice
(Okamoto et al., 2008). In contrast, Winzel et al found that adiponectin administration on
islets from normal mice had no effect on insulin secretion. Yet, in islets from obese mice,
adiponectin depressed insulin release at basal glucose concentrations and potentiated insulin
release at stimulatory glucose (16.7mM) concentrations (Winzell et al., 2004). Given the
systemic insulin sensitizing effects of adiponectin, this dichotomous action of adiponectin on
pancreatic B-cells further touts this adipokine for its plasticity in actions on a single cell-
type, based on the glycemic environment. Although, additional studies are required to fully
understand the role of adiponectin in the control of insulin release, we can hypothesize that
the increased responsiveness of islets from obese mice may result from the obesity induced
differences in /n vivo adiponectin exposure.

Fatty Acids: Non-esterified fatty acid (NEFA) induced B-cell insulin secretion has been well
recognized for decades (Malaisse and Malaisse-Lagae, 1968; Opara et al., 1992; Vara et al.,
1988; Warnotte et al., 1994), providing a link between the hyperlipidemia and
hyperinsulinemia seen in T2DM. Itoh and colleagues showed that NEFAs stimulate insulin
secretion from the B-cell through activation of the G-protein-coupled receptor, GPR40,
inducing a rise in cytosolic Ca%* concentrations, thereby stimulating insulin exocytosis (Itoh
etal., 2003).

a-cell Glucagon Secretion—Similar to dysregulated insulin secretion in the diabetic -
cell, diabetic a-cells are hypersecretory and do not appropriately respond to elevated blood
glucose levels with a decrease in glucagon secretion (Muller et al., 1970). Because glucagon
potentiates hepatic glucose production, while inhibiting adipose tissue glucose clearance, it
is increasingly appreciated as an important target to treat T2DM (Dimitriadis et al., 1985;
Pernicova and Korbonits, 2014).

Leptin: Glucagon-secreting a-cells express leptin receptors and /n vitro studies show that
leptin inhibits glucagon secretion (Soedling et al., 2015) (Tuduri et al., 2009). Tudori and
colleagues have shown that leptin hyperpolarizes a-cells and prevents the hypoglycemia
induced glucagon secretion (Tuduri et al., 2009). Leptin also decreases expression of the
gene encoding glucagon in immortalized a-cells (aTC1-9) (Marroqui et al., 2011),
demonstrating that leptin regulates pancreatic islet function at the level of both gene
transcription and secretory function. Mouse models that are deficient in leptin signaling
develop hyperglucagonemia (Dunbar and Walsh, 1980; Stearns and Benzo, 1978),
suggesting that leptin chronically suppresses glucagon secretion. However, the impact of
leptin on glucagon secretion /77 vivo has yet to be fully understood. Employing their newly
developed Creto specifically target Leptin receptor deletion to the a-cell, Soedling and
colleagues showed that leptin receptor signaling in the a-cell has minimal effect on glucagon
secretion under hypoglycemic conditions. Thus, similar to the B-cell, the direct role of leptin
on a-cell function in vivo requires further investigation, and leptin may exert its glucagon
lowering effects indirectly through a centrally mediated mechanism (Figure 3).
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Adiponectin: The impact of adiponectin signaling in the a-cell has yet to be explored.
Given the insulin sensitizing actions of adiponectin on multiple cell types, along with its
protective capacity in the B-cell, the role of adiponectin in the a-cell provides for an exciting
potential target to treat the hyperglycemia associated with type 1 and type 2 diabetes.

Fatty Acids: Recent studies suggest that short-term exposure to fatty acids stimulates
glucagon exocytosis (Bollheimer et al., 2004; Hong et al., 2007; Olofsson et al., 2004).
Similar to the stimulatory effect of low glucose concentrations, palmitate has been shown to
increase Ca2* mediated glucagon release by opening L-type Ca2* channels. Simultaneously,
NEFA may act to increase glucagon secretion by limiting somatostatin’s inhibitory effect on
a-cell exocytosis (Olofsson et al., 2004). Interestingly, this NEFA induced glucagon release
provides a mechanism by which fasting- induced adipose tissue lipolysis can encourage
glucagon release.

Hepatic Glucose Metabolism

The hyperglycemia associated with insulin resistance results from reduced glucose clearance
coupled with increased hepatic glucose production (gluconeogenesis). Hence, inhibition of
hepatic gluconeogenesis appears to provide a promising intervention to treat insulin
resistance and related metabolic disorders (Lee et al., 2011; Wang et al., 2015). Accordingly,
there are a number of studies evaluating the role of adipokines in hepatic glucose output in
type 1 and type 2 diabetics.

Adiponectin—Adiponectin decreases hepatic gluconeogenesis (Combs et al., 2001).
However, the mechanism remains in question. Recombinant adiponectin treatment decreases
MRNA expression of the rate-limiting gluconeogenic enzymes phosphoenolpyruvate kinase
(PEPCK) and glucose-6-phosphotase (G6Pase) through the AMPK signaling pathway
(Yamauchi et al., 2002). We also hypothesized that our initial observation that the blood
glucose lowering actions of adiponectin administration was mechanistically linked to AMPK
mediated inhibition of gluconeogenesis (Combs et al., 2001). However, recent studies have
revealed that adiponectin activation of AMPK is much lower in hepatocytes than in other
tissues (Miller et al., 2011).

Moreover, ablation of LKB1 and AMPK in primary mouse hepatocytes did not affect
adiponectin induced reduction of gluconeogenic gene expression or glucose output (Miller et
al., 2011). /n vivo deletion of LKB1, an upstream activator or AMPK, partially prevented the
adiponectin induced decrease in serum glucose (Miller et al., 2011). Yet, in line with the /n
vitro studies, adiponectin decreased gluconeogenic gene expression and hepatic glucose
production (Miller et al., 2011). Together these studies suggest that adiponectin depresses
hepatic glucose production independent of AMPK signaling (Figure 2).

Skeletal Muscle Glucose Metabolism

As the chief site of insulin-stimulated glucose uptake, skeletal muscle plays an essential role
in maintaining systemic glucose homeostasis. Adipokines and fatty acids released from
adipose tissue both affect skeletal muscle insulin sensitivity. Both leptin (Miyamoto et al.,
2012; Shimomura et al., 1999) and adiponectin (Yamauchi et al., 2001), attenuate skeletal
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muscle insulin resistance and hyperglycemia. Ectopic accumulation of lipid in skeletal
muscle, resulting from elevated adipose tissue lipolysis or depressed adipose tissue lipid
clearance from the circulation, result in skeletal muscle insulin resistance and
hyperglycemia. Thus, adipose tissue plays an essential role in the maintenance of skeletal
muscle glucose clearance.

Leptin—Leptin administration in ob/ob mice improves insulin sensitivity in peripheral
tissues independent of effects on food intake or body weight (Levin et al., 1996; Mistry et
al., 2004). In the absence of insulin, Leptin acutely increases glucose uptake in cultured L6
muscle cells, but has no long term effect. (Bates et al., 2002). In streptozotocin (STZ)
induced type 1 diabetic mice hyperleptinemia, induced via leptin encoding adenovirus,
ameliorates hyperglycemia, ketosis, and weight loss (Yu et al., 2008). Leptin overexpression
also increased skeletal muscle PI3K, IRS-1, and IGF-1 receptor phosphorylation, suggesting
that leptin acts as an insulin-mimetic in skeletal muscle (Yu et al., 2008). Further supporting
the insulin mimetic hypothesis, leptin activates the insulin receptor substrate-2 (IRS-2) and
janus kinase-2 (JAK-2) signaling molecules to initiate signaling through the
phosphatidylinositol 3-kinase (P13K) signaling pathway which induces translocation of
Glut4 to the cell surface and stimulates glucose uptake in C2C12 myotubes (Kellerer et al.,
1997).

Adiponectin—While the translocation of GLUT4 vesicles to the cell surface of the
myocyte is dependent on insulin signaling, the expression of the GLUT4 gene is regulated
by multiple factors, two of which are the phosphorylation/activation of AMPK and increased
cytosolic Ca2*. AMPK increases the expression of GLUT4 by phosphorylating its
transcriptional repressor and allowing for its nuclear export (McGee et al., 2008). Elevated
cytosolic Ca?* activates Ca2*/calmodulin-dependent protein kinase 11 in skeletal muscle
which also increases the expression of GLUT4 (Chin, 2005). Accordingly, adiponectin
stimulates GLUT4 mediated glucose uptake in isolated skeletal muscle and cultured
myocytes (Tomas et al., 2002; Yamauchi et al., 2002) via phosphorylation/activation of
AMPK and by increasing cytosolic CaZ*. Furthermore, adipoR1 in skeletal muscle
stimulates extracellular Ca2* influx, increasing cytosolic Ca* (Iwabu et al., 2010). Ceddia
and colleagues (2005) showed that adiponectin increases glucose uptake in L6 myotubes
through enhanced GLUT4 translocation without affecting the affinity of the transporter. As
expected, AMPK signaling phosphorylates glycogen synthase, inactivating this limiting
enzyme in glycogenesis and decreasing the rate of glycogen synthesis (source). In line with
a decrease in glucose flux toward glycogen, no change in glucose oxidation, and enhanced
glucose uptake through GLUTA4, adiponectin treatment enhanced insulin stimulated lactate
production (Ceddia et al., 2005).

Glucose Metabolism in the Kidney

Diabetic nephropathy and obesity-associated albuminuria suggest that the kidney is a
primary target of hyperglycemia. However, the kidney as a whole is a net producer of
glucose, which by some estimates, accounts for 20% of endogenous glucose release under
basal conditions (Cano, 2002). Renal gluconeogenesis is specific to tubular epithelial cells of
the proximal tubule and its regulation is insulin dependent. An imbalance of PEPCK-
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mediated glucose production and glycolysis in the distal nephron can thus influence
systemic glucose levels (Cano, 2002; Gerich et al., 2001). An increase in gluconeogenesis,
and hence, PEPCK activity, generates additional HCO3™ exported by the proximal tubule to
raise blood pH during metabolic acidosis (Curthoys and Moe, 2014). Deletion of the insulin
receptor in tubule epithelium induces systemic hyperglycemia in the mouse (Tiwari et al.,
2013). Increased glucose uptake under high glucose and high insulin conditions result in
increased glycogen deposition (Gerich et al., 2001) and a reduction in fatty acid oxidation in
the cortex (Meyer et al., 1997). A similar outcome occurs in glomerular podocytes, wherein
hyperglycemia incudes ROS-mediated apoptosis, a first step in the progression of diabetic
nephropathy (Susztak et al., 2006). High fatty acid concentrations also cause insulin
resistance in cultured podocytes (Lennon et al., 2009). As in other tissues, adipokines that
impact insulin sensitivity and glucose uptake likely impact renal health and function.
Adiponectin, leptin, and fatty acids have all demonstrated relationships with glomerular
filtration commiserate with the metabolic syndrome, but whether these adipokines act
directly to regulate glucose metabolism in the kidney is currently being explored (Briffa et
al., 2013).

ADIPOCYTE COMMUNICATION REGULATES ENERGY METABOLISM

Leptin

In his 1932 publication, Max Kleiber provided the energetics field with the basis for the
notion that an animal’s metabolic rate is independent of body size (Kleiber, 1932). Since
Kleiber’s initial hypothesis, countless genes, transcription factors, and tissue-derived
signaling molecules which regulate energy homeostasis have been identified. Nearly a
century later, with obesity and the related metabolic disorders rising at an alarming rate, we
continue to discover new pathways that regulate energy homeostasis, of which adipokines
are at the forefront. In fact, more than 60 years ago, before the term adipokine was coined, it
was proposed that that signals secreted in proportion to adipose tissue stores regulate energy
intake and energy expenditure (Kennedy, 1953). Two years later, Mayer (Mayer, 1955)
asserted that energy homeostasis was regulated by ‘glucostatic’ and ‘lipostatic’ signals, the
latter of which mirrored long-term energy stores. We now embrace a feedback model,
originally hypothesized by Bray (Bray, 1991) in which adipose tissue, the gastrointestinal
tract, and other peripheral tissues provide endocrine and neural signals to the brain to
regulate of energy balance. Building upon Kleiber’s and Kennedy’s assertions, Bray’s model
is constantly evolving as we gain new insights on how the adipocyte communicates its
nutritional status to the central nervous system and peripheral tissues to regulate energy
homeostasis.

While multiple components comprise the energy balance equation (ie: adaptive
thermogenesis, excretory losses, activity, etc.), it can be simplified as: 7otal body energy =
energy in-energy out. Leptin signals the energetic status of adipocyte lipid stores to the
hypothalamus to regulate both components of this equation: food intake and energy
expenditure (Friedman and Halaas, 1998) (Halaas et al., 1997; Zhang et al., 1994). Leptin
increases sympathetic nervous system (SNS) tone (Satoh et al., 1999). Through its
interaction with the melanocortin system, leptin increases gene expression (Harris et al.,
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2001) and secretion of (Ortiga-Carvalho et al., 2002; Seoane et al., 2000) thyrotropin-
releasing hormone to increase thyroid hormone signaling and, thus, energy expenditure. This
role of leptin to increase energy expenditure is so dominant that Leptin-deficient ob/ob mice
quickly become obese, despite pair feeding with control littermates (Halaas et al., 1995). In
fact, leptin prevents the decrease in basal metabolic rate induced by calorie restriction
(Ahima et al., 1996; Doring et al., 1998), while low circulating leptin, during times of
negative energy balance, serves as a signal to encourage a state of torpor (Gavrilova et al.,
1999; Trayhurn et al., 1977) as a means of conserving energy. As such, leptin signals the
energetic status of adipocyte lipid stores to the brain and the intensity of this signal mirrors
that of circulating leptin concentrations (Friedman and Halaas, 1998).

In obesity, leptin no longer adequately regulates energy expenditure. Obese individuals with
low basal metabolic rates, despite high circulating leptin concentrations are commonly
referred to as “leptin resistant”. And with weight loss leptin drops, yet leptin sensitivity is
low. Leptin treatment in clinical trials partially restores the reduction in basal metabolic rate
and circulating thyroid hormones associated with fat- loss in patients maintaining a
reduction in body weight following acute weight loss (Rosenbaum et al., 2005; Rosenbaum
et al., 2002).

Adiponectin exerts potent effects on the brain to regulate energy expenditure, independent of
AMPK signaling (Park et al., 2011; Qi et al., 2004). Qi and colleagues showed that
intravenous administration of adiponectin to leptin deficient ob/ob mice increases
thermogenesis and weight loss (Qi et al., 2004). Further, when co-administered, adiponectin
enhanced the thermogenic effects of leptin (Qi et al., 2004). Intracerebroventricular infusion
of adiponectin, increases energy expenditure by activating hypothalamic leptin and insulin
signaling pathways, independent of AMPK signaling (Park et al., 2011). Similarly, our
studies linking adiponectin signaling to the energetic effects of FGF21 administration
demonstrate that adiponectin is necessary for FGF21-induced enhancement in energy
expenditure (Holland et al., 2013). Together, these studies shed light on the collaborative
nature of adipokine signaling. Not only do they provide communication between tissues, we
now have evidence to suggest that these signals interact with each other to regulate energy
homeostasis.

CONCLUDING REMARKS

Metabolism research has made tremendous progress over the last several decades in
establishing the adipocyte as a central rheostat in the regulation of systemic nutrient and
energy homeostasis. Reflecting upon this progress, it is astounding to imagine that adipocyte
function was once thought to be merely that of lipid storage with no other physiologically
meaningful utility. A mouse completely devoid of adipose tissue or a human with
lipodystrophy are equally insulin resistant and vulnerable to the ectopic lipid deposition as
seen in obesity. Yet, in both extremes, treatment with adipokines (i.e.: leptin or adiponectin)
can ameliorate these maladies. Through the sophisticated precision with which adipocyte
secreted factors exert their actions, the adipocyte reaches far beyond a simple on/off switch
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in maintaining systemic metabolic homeostasis. Operating at multiple levels of control, the
adipocyte communicates with organ systems to precisely adjust gene expression,
glucoregulatory hormone exocytosis, enzymatic action, and nutrient flux to equally match
the metabolic demands of positive or negative energy balance. The identification of these
mechanisms has great potential to identify novel targets for the treatment of diabetes and
related metabolic disorders.
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Figure 1. Autocrine signaling in the adipocyte
Adiponectin, which increases as fat mass decreases, acts locally on the adipocyte to increase

GLUT4- mediated glucose uptake, while enhancing adipogenesis and adipocyte lipid
storage. Fasting and leptin independently increase adipose tissue lipolysis, while fasting
decreases leptin secretion. The predominant lipolytic action of leptin may be mediated
through the peripheral nervous system. A rise in some fatty acids (see text for details) can
increase adipocyte GLUT4-mediated glucose uptake.

Cell Metab. Author manuscript; available in PMC 2017 May 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Stern et al.

Page 31

Ceramide
accumulation

» Nucle Lipogenic gene
g transcription

A nsulin Sensitivity . m m |

Malonyl-CoA
Adiponectin i

v’ Hepatic Glucose Output
4 Insulin Sensitivity <— 4 Fatty Acid Oxidation
‘ Lipid Accumulation

Figure 2. Adipocyte/liver crosstalk to maintain systemic lipid and glucose homeostasis
Both Leptin and Adiponectin decrease hepatic lipogenesis and increase p-oxidation through

activation of AMP protein kinase. Phospo-AMPK inhibits lipogenesis by 1) suppressing
SREBP1c expression, and 2) by phosphorylating acetyl CoA carboxylase-1 (ACC-1), the
rate-limiting enzyme of de novo lipogenesis. This decrease in ACC-1 activity, limits malonyl
CoA production, relieving the inhibition of carnitine palmitoyl transferase-1 (CPT-1) activity
and enhancing fatty acid transport into the mitochondria to undergo p-oxidation.
Adiponectin lowers hepatic ceramide accumulation, independent of AMPK activity, by
enhancing ceramidase activity in the liver. FGF21 stimulates adiponectin secretion.
Adiponectin also inhibits hepatic gluconeogenesis, independent of AMPK, decreasing
glucose output and improving glycemia. Consequently, enhanced hepatic insulin sensitivity
feeds back to the adipocyte to promote adipose tissue insulin sensitivity, resulting in
enhanced systemic lipid and glucose homeostasis (see text for details).
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Figure 3. A working model of adipocyte/islet communication
Leptin inhibits insulin and glucagon secretion from (- and a-cells, respectively. Whether this

is a direct action of leptin or centrally mediated has not been entirely elucidated. The effects
of adiponectin on f -cell insulin secretion may depend on circulating glucose concentration,
with adiponectin inhibiting insulin secretion at low glucose concentrations and stimulating
insulin secretion at high glucose concentrations. Fatty acids enhance glucose stimulated
insulin secretion at high glucose conditions. Under fasting conditions, fatty acids may
increase glucagon secretion indirectly by limiting somatostatin’s inhibitory effect on a-cell
exocytosis and fasting-induced decreases in leptin secretion may act to relieve leptin’s
inhibitory effect on glucagon secretion under low blood glucose concentrations.
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