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Abstract

Obese individuals often struggle with increases in blood pressure that ultimately lead to an
enhanced cardiovascular disease risk. The mechanistic basis for this association has remained
largely unknown. While a large number of metabolic signals are altered in obese individuals,
including dyslipidemia, associated changes in sphingolipids and an overall increase in subclinical
inflammation, none of these parameters are thought to greatly influence blood pressure. Recent
data suggests that the adipokine leptin, whose circulating levels are typically proportional to fat
mass, is a major driving force for the obesity-associated increases in blood pressure. The effects of
leptin on blood pressure are mediated by neuronal circuits, including leptin-responsive neurons in
the dorsomedial hypothalamic nucleus.
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Obesity is a widespread global health burden. It is intuitively obvious that obesity is a direct
consequence of an imbalance between energy intake and energy expenditure, resulting in
gross expansion of adipose tissue and an associated increase in blood pressure (BP), which
is a major contributor to chronic hypertension and the risk for cardiovascular disease
(CVD)-related mortality. The obese state is associated with dysfunctional adipose tissue
exhibiting an abnormal secretory profile of bioactive adipokines?; this contributes to
impaired regulation of appetite, an unfavorable adipose tissue distribution, reduced insulin
sensitivity, endothelial dysfunction, inflammation and an elevation in BP1.

Last year marked the 20t anniversary since the discovery of leptin from rodent adipose
tissue in 1994 by Friedman and colleagues?. This discovery, along with the initial
description of adiponectin around the same time, ignited a wealth of interest in adipose
tissue as an endocrine organ and, in the case of leptin, enhanced our understanding in the
biology of appetite and the maintenance of body weight control in obesity. Leptin is a
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pleiotropic hormonal signal that exhibits numerous neurobiological and physiological
functions that regulate food intake, energy expenditure, fat mass, fertility, reproductive
function and atherogenesis?.

The Central Actions of Leptin

Studies over the decades have established a key role for the central nervous system in
sensing, integrating and regulating metabolic tone, with recent findings identifying the
importance of specific hypothalamic circuits as key sites of leptin action. Much emphasis
has been placed on effects on the melanocortin system with populations of
proopiomelanocortin (POMC) and agouti-related protein (AgRP) neurons in the arcuate
nucleus, and to a lesser extent, neurons expressing leptin receptors in other sites including
the ventromedial and dorsomedial nuclei?. Nutrient and hormonal adiposity signals, such as
insulin and leptin, communicate with central regions to regulate energy balance and to
coordinate glucose and lipid homeostasis®. In particular, leptin binds the long form of its
receptor (LepR) in several neuronal populations to activate the Janus kinase 2/signal
transducer and activator of transcription 3 (JAK2-STAT3) signaling pathway?®, to orchestrate
energy intake and expenditure. Leptin activates POMC neurons in the arcuate nucleus and
enhances the levels of the anorectic peptide a-melanocyte-stimulating hormone (the
endogenous agonist of the melanocortin 4 receptor), while inhibiting AgRP neurons8. Mice
selectively deficient for LepR’s in POMC neurons exhibit modest obesity due to a decrease
in energy expenditure, independent of alterations in food intake’. Conversely, re-expression
of LepR’s specifically in POMC neurons results in only moderate body weight
improvements, however restores normoglycemia®: .

The Hypertensive Effects of Central Leptin Action

Leptin has been implicated in the pathogenesis of diet-induced obesity (DI1O)-associated
hypertension. The majority of studies pinpoint the central melanocortin system in obesity-
induced sympatho-excitation as a critical site of action of the hypertensive effects of
leptin10. Specifically, pharmacological administration or transgenic overexpression of leptin
elevates systolic BP (SBP) in rodents!L. In contrast, obese leptin-deficient ob/ob mice
exhibit markedly lower BP than their lean controlsl2. Taken together, these studies suggest
that the central hypothalamic actions of leptin contribute substantially to DIO-induced
elevations in BP.

In terms of specific anatomical regions of the brain mediating these leptin effects on BP,
Hall and colleagues reported that Shp2 deficiency in POMC neurons attenuates the ability of
leptin to increase BP and improve glucose homeostasis!3. Interestingly, several studies have
suggested that melanocortin 4 receptors are also key regulators of BP. The elegant study by
Simonds and colleagues in the December 2014 issue of Cell adds another hypothalamic site
to the list and highlights the dorsomedial hypothalamic (DMH) region of the brain as an
important site in the regulation of cardiovascular sympathetic responses to leptin during
DIO. Specifically, using a series of refined time-courses, the group demonstrated that DIO
drives an increase in systemic leptin levels prior to an increase in heart rate (HR) and BP,
implicating leptin-responsive neurons in the DMH as key upstream regulators of
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hypertension. Subsequent inhibition of leptin signaling either through intraperitoneal (i.p)
injection of an anti-leptin antibody or through injection of a leptin receptor antagonist into
the DMH of DIO hypertensive mice effectively lowered the elevated HR and SBP. The
authors also performed a plethora of experiments confirming that the underlying mechanism
for the hypertensive actions of leptin in DIO mice is the leptin-driven depolarization of
DMH neurons. A LepR knockdown or a targeted LepR knockout in the DMH of DIO mice
lowers SBP. The strength of the genetic approach employed is that the authors utilized
technology that permits silencing of endogenous LepR activity in a highly specific neuronal
populationl4. Re-activation of LepR’s (through injection of AAV-Cre recombinase into the
DMH of obese normotensive LepR-null mice that carry a floxed transcriptional silencer
element)® increased HR and SBP. Multiple targeted gain- and loss of function approaches
were therefore used in this context to pinpoint the exact site of leptin action in the brain vis-
a-vis its effects on BP.

Selective Leptin Resistance in DIO

Leptin resistance is a term widely utilized to define states in which hyperleptinemia, as seen
in obesity, results in reduced responses to leptin. Though leptin has a wide array of effects,
this term is typically used in the context of reduced responses with respect to the anorexic
effects of leptin. Albeit the precise mechanisms underlying leptin resistance remain only
partially understood, inhibition and/or desensitization of central and peripheral leptin
signaling in specific neuronal sub-sets, the inability of leptin to cross the blood brain barrier,
in addition to oxidative stress and/or inflammatory events, have been suggested as possible
steps leading to ineffective leptin action!®. Specific brain regions are implicated, in
particular the hypothalamic arcuate nucleus as a critical mediator of the metabolic
sympathetic actions of leptinl6. SOCS3-mediated resistance to the effects of leptin on
JAK2-STATS3 activation in POMC neurons!’, as well as the arcuate nucleus and the ventral
tegmental area are known to exhibit DIO-associated leptin resistancel8.

Notably, the paradigm of ‘selective leptin resistance’ has emerged over the years. Leptin
action on BP represents a prime example of selective resistance: hyperleptinemia-driven
elevations in BP and cardiovascular/renal sympathetic responses are preserved, despite
complete attenuation of the anorectic actions of leptin in regulating food intake, body-weight
and brown adipose tissue (BAT) thermogenesis'®. Such studies have raised the question as
to how leptin can contribute to an elevation in BP during DIO-induced hyperleptinemia,
while many other leptin-mediated effects are impaired due to resistance? How can this
differential leptin sensitivity in the areas of cardiovascular/renal SNA responses versus the
metabolic anorexic actions exist simultaneously? Would they be selective based on the
severity of DIO and the circulating concentrations of leptin? Indeed, one plausible
explanation for the DIO-related leptin resistance phenomenon may be the existence of site-
specific selective leptin resistance in the brain, such that different neuronal populations are
activated and others desensitized depending on the extent of DIO. Matheny and colleagues
reported DIO-driven leptin resistance in the arcuate nucleus and the ventral tegmental area,
while several medial basal hypothalamic regions remained sensitive to the hormone20. Upon
examination of other brain regions, the DMH neuronal population has garnered attention
over the years as an underappreciated site of leptin action and thus serves as likely candidate
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for selective central leptin resistance. In light of this, Zhang et al. recently documented that
LepR-expressing neurons in the DMH are critical in circuits mediating BAT
thermoregulation??.

With the focus on the findings by Simonds and colleagues, how do these findings relate to
the selective leptin resistance paradigm? In particular, while the authors describe activation
of cardiovascular SNA responses to leptin via the DMH leading to elevation of BP in DIO
mice, did the authors further observe any loss in the metabolic anorexic effects of leptin?
Interestingly, antagonism or reducing the levels of the LepR in DIO mice produced no
significant differences in food intake or body weight changes. This indicates that leptin-
responsive anorexic pathways are unaffected (presumably mainly in the hypothalamus),
while hypertensive leptin-induced signaling responses in the DMH are heightened. This also
suggests that the LepR-expressing neurons localized to the DMH are not critical for the
effects of leptin on body weight. Collectively, the study by Simonds et al. illustrates the
notion of site-specific selective leptin resistance in differential brain regions very elegantly.
Consistent with these observations, Marsh and colleagues reported that injection of leptin
into the DMH increases HR and BP, however fails to enhance renal SNAZ2, Studies like this
pinpoint the DMH as a key site for leptin-driven increases in BAT and cardiovascular, but
not renal SNA activity, and overall provide sophisticated examples of selective leptin
resistance in anatomically distinct regions of the brain. Shp2 and PI13K signaling pathways
in POMC neurons have also been identified to contribute to the renal sympathetic and BP
actions of leptin13: 23, independent of leptin-induced regulation of body-weight and appetite.
In contrast, JAK2-STAT3 signaling has been implicated in sympathetic metabolic control,
however does not contribute to renal sympathetic activity?*. Selective leptin resistance may
therefore entail distinct leptin signal transduction pathways that appear to produce
differential regulation of sympathetic metabolic versus sympathetic cardiovascular/renal
function. Future studies will have to delineate the precise molecular mechanism and brain
site-specific regions, in addition to the sub-populations of neurons responsible for the central
pathway-specific selective leptin resistance phenomenon.

Central Leptin Action and Blood Pressure in Humans

Despite the extensive literature on the effects that leptin has on BP in animal models of DIO
and leptin deficiency, studies investigating the hypertensive actions of leptin in human
subjects that completely lack leptin or exhibit leptin receptor deficiency are extremely
limited. This is partly due to the rare nature of mutations in leptin or the LepR and/or failure
of the existing studies to address BP within these cohorts. A key strength in the study by
Simonds and colleagues is that this group of investigators identified a link between leptin
and BP both in murine models of leptin deficiency and in individuals carrying rare leptin or
LepR mutations (e.g. documenting lower SBP in a cohort of children with leptin deficiency
compared to age- and BMI-matched controls); thereby re-enforcing the notion that the
findings in rodents on leptin-associated hypertension translate very effectively to humans.
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Clinical and Translational Implications of Leptin and Future Directions

A better understanding of the “endocrinology of the adipocyte”, i.e. the contributions of
specific adipokines to systemic energy homeostasis and how they interact with other
endocrine loops, has great potential for clinical use and the future pharmacotherapy of
obesity and CVD. However, the field has yet to define “leptin resistance” and the underlying
teleological reasons for such a phenomenon. We need to gain a better understanding the role
of individual central neuronal populations and peripheral leptin signals in the control of
metabolism; this will hopefully enable the identification of key sites of the emerging
selective leptin resistance paradigm and potential therapeutic targets of obesity and CVD.
The observations by Simonds and colleagues contribute to these ongoing efforts based on
the modification of the effects of leptin on specific subpopulations of neurons and will
undoubtedly represent a potentially useful therapeutic strategy for the treatment of obesity-
associated hypertension and CVD. More specifically however, future studies will have to
address how thermogenic and/or renal SNA responses to LepR inactivation/activation in the
DMH are altered, as a means of further delineating mechanisms of the selective leptin
resistance. This will involve further mechanistic insights into molecular signaling pathways
that leptin takes advantage of to mediate its effects on BP in the DMH.

Acknowledgments

The authors were supported by US National Institutes of Health grants R01-DK55758, R01-DK099110 and P01-
DK088761 (to P.E.S.).

References

1. Sun K, Kusminski CM, Scherer PE. Adipose tissue remodeling and obesity. J Clin Invest. 2011,
121:2094-2101. [PubMed: 21633177]

2. Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM. Positional cloning of the
mouse obese gene and its human homologue. Nature. 1994; 372:425-432. [PubMed: 7984236]

3. Farooqi IS, O’Rahilly S. Leptin: A pivotal regulator of human energy homeostasis. Am J Clin Nutr.
2009; 89:980S-984S. [PubMed: 19211814]

4. Schwartz MW, Porte D Jr. Diabetes, obesity, and the brain. Science. 2005; 307:375-379. [PubMed:
15662002]

5. Williams KW, Elmquist JK. From neuroanatomy to behavior: Central integration of peripheral
signals regulating feeding behavior. Nat Neurosci. 2012; 15:1350-1355. [PubMed: 23007190]

6. Cowley MA, Smart JL, Rubinstein M, Cerdan MG, Diano S, Horvath TL, Cone RD, Low MJ.
Leptin activates anorexigenic pomc neurons through a neural network in the arcuate nucleus.
Nature. 2001; 411:480-484. [PubMed: 11373681]

7. Balthasar N, Coppari R, McMinn J, Liu SM, Lee CE, Tang V, Kenny CD, McGovern RA, Chua SC
Jr, EImquist JK, Lowell BB. Leptin receptor signaling in pomc neurons is required for normal body
weight homeostasis. Neuron. 2004; 42:983-991. [PubMed: 15207242]

8. Berglund ED, Vianna CR, Donato J Jr, Kim MH, Chuang JC, Lee CE, Lauzon DA, Lin P, Brule LJ,
Scott MM, Coppari R, EImquist JK. Direct leptin action on pomc neurons regulates glucose
homeostasis and hepatic insulin sensitivity in mice. J Clin Invest. 2012; 122:1000-1009. [PubMed:
22326958]

9. Huo L, Gamber K, Greeley S, Silva J, Huntoon N, Leng XH, Bjorbaek C. Leptin-dependent control
of glucose balance and locomotor activity by pomc neurons. Cell Metab. 2009; 9:537-547.
[PubMed: 19490908]

10. da Silva AA, do Carmo JM, Hall JE. Role of leptin and central nervous system melanocortins in

obesity hypertension. Curr Opin Nephrol Hypertens. 2013; 22:135-140. [PubMed: 23299052]

Circ Res. Author manuscript; available in PMC 2016 April 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kusminski and Scherer

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Page 6

. Matsumura K, Abe I, Tsuchihashi T, Fujishima M. Central effects of leptin on cardiovascular and
neurohormonal responses in conscious rabbits. Am J Physiol Regul Integr Comp Physiol. 2000;
278:R1314-1320. [PubMed: 10801302]

Mark AL, Shaffer RA, Correia ML, Morgan DA, Sigmund CD, Haynes WG. Contrasting blood
pressure effects of obesity in leptin-deficient ob/ob mice and agouti yellow obese mice. J
Hypertens. 1999; 17:1949-1953. [PubMed: 10703894]

do Carmo JM, da Silva AA, Ebaady SE, Sessums PO, Abraham RS, EImquist JK, Lowell BB, Hall
JE. Shp2 signaling in pomc neurons is important for leptin’s actions on blood pressure, energy
balance, and glucose regulation. Am J Physiol Regul Integr Comp Physiol. 2014; 307:R1438—
1447. [PubMed: 25339680]

Magnus CJ, Lee PH, Atasoy D, Su HH, Looger LL, Sternson SM. Chemical and genetic
engineering of selective ion channel-ligand interactions. Science. 2011; 333:1292-1296. [PubMed:
21885782]

Leon-Cabrera S, Solis-Lozano L, Suarez-Alvarez K, Gonzalez-Chavez A, Bejar YL, Robles-Diaz
G, Escobedo G. Hyperleptinemia is associated with parameters of low-grade systemic
inflammation and metabolic dysfunction in obese human beings. Front Integr Neurosci. 2013;
7:62. [PubMed: 23986664]

Elmquist JK. Hypothalamic pathways underlying the endocrine, autonomic, and behavioral effects
of leptin. Physiol Behav. 2001; 74:703-708. [PubMed: 11790432]

Enriori PJ, Evans AE, Sinnayah P, Jobst EE, Tonelli-Lemos L, Billes SK, Glavas MM, Grayson
BE, Perello M, Nillni EA, Grove KL, Cowley MA. Diet-induced obesity causes severe but
reversible leptin resistance in arcuate melanocortin neurons. Cell Metab. 2007; 5:181-194.
[PubMed: 17339026]

Bian J, Bai XM, Zhao YL, Zhang L, Liu ZJ. Lentiviral vector-mediated knockdown of Irb in the
arcuate nucleus promotes diet-induced obesity in rats. J Mol Endocrinol. 2013; 51:27-35.
[PubMed: 23549406]

Konner AC, Bruning JC. Selective insulin and leptin resistance in metabolic disorders. Cell Metab.
2012; 16:144-152. [PubMed: 22883229]

Matheny M, Shapiro A, Tumer N, Scarpace PJ. Region-specific diet-induced and leptin-induced
cellular leptin resistance includes the ventral tegmental area in rats. Neuropharmacology. 2011;
60:480-487. [PubMed: 21059361]

Zhang Y, Kerman IA, Laque A, Nguyen P, Faouzi M, Louis GW, Jones JC, Rhodes C, Munzberg
H. Leptin-receptor-expressing neurons in the dorsomedial hypothalamus and median preoptic area
regulate sympathetic brown adipose tissue circuits. J Neurosci. 2011; 31:1873-1884. [PubMed:
21289197]

Marsh AJ, Fontes MA, Killinger S, Pawlak DB, Polson JW, Dampney RA. Cardiovascular
responses evoked by leptin acting on neurons in the ventromedial and dorsomedial hypothalamus.
Hypertension. 2003; 42:488-493. [PubMed: 12939234]

Morgan DA, Thedens DR, Weiss R, Rahmouni K. Mechanisms mediating renal sympathetic
activation to leptin in obesity. Am J Physiol Regul Integr Comp Physiol. 2008; 295:R1730-1736.
[PubMed: 18815209]

Harlan SM, Guo DF, Morgan DA, Fernandes-Santos C, Rahmouni K. Hypothalamic mtorcl
signaling controls sympathetic nerve activity and arterial pressure and mediates leptin effects. Cell
Metab. 2013; 17:599-606. [PubMed: 23541372]

Circ Res. Author manuscript; available in PMC 2016 April 10.



