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Obesity: sex and sympathetics
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Abstract

Obesity increases sympathetic nerve activity (SNA) in men, but not women. Here, we review current evidence
suggesting that sexually dimorphic sympathoexcitatory responses to leptin and insulin may contribute. More
specifically, while insulin increases SNA similarly in lean males and females, this response is markedly amplified in
obese males, but is abolished in obese females. In lean female rats, leptin increases a subset of sympathetic nerves
only during the high estrogen proestrus reproductive phase; thus, in obese females, because reproductive cycling
can become impaired, the sporadic nature of leptin-induced sympathoexcitaton could minimize its action, despite
elevated leptin levels. In contrast, in males, obesity preserves or enhances the central sympathoexcitatory response
to leptin, and current evidence favors leptin’s contribution to the well-established increases in SNA induced by
obesity in men. Leptin and insulin increase SNA via receptor binding in the hypothalamic arcuate nucleus and a
neuropathway that includes arcuate neuropeptide Y (NPY) and proopiomelanocortin (POMC) projections to the
paraventricular nucleus. These metabolic hormones normally suppress sympathoinhibitory NPY neurons and
activate sympathoexcitatory POMC neurons. However, obesity appears to alter the ongoing activity and
responsiveness of arcuate NPY and POMC neurons in a sexually dimorphic way, such that SNA increases in males
but not females. We propose hypotheses to explain these sex differences and suggest areas of future research.
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Introduction
Obesity is an epidemic with massively broad health con-
sequences, one of which is hypertension. It is generally
accepted that a major underlying mechanism is obesity-
induced activation of the sympathetic nervous system
[1]. However, as recently reviewed [2, 3], while regional
increases in sympathetic nerve activity (SNA) are a
major contributor in males, this is generally not the case
in females. More specifically, in humans, muscle SNA
(MSNA) correlates to indices of obesity, like BMI or
neck circumference, in men; however, in women, MSNA
does not relate [2, 4–7] or relates weakly [8] to such in-
dices. Nevertheless, there are exceptions. Obesity-
induced sympathoexcitation has been observed in post-
menopausal women [9], black women [10], and women
with visceral obesity [11, 12].
The purpose of this brief review is to highlight recent

studies that have explored whether the sexual dimorph-
ism in obesity-induced sympathoexcitation is due to sex

differences in the actions of two metabolic hormones,
leptin and insulin. Plasma levels increase with obesity,
and both hormones increase SNA. We begin with an
overview of the neuronal pathways by which leptin and
insulin increase SNA, to form a basis for the discussion
of mechanistic aspects of this sexual dimorphism. As we
build our model, we additionally highlight areas of future
research.

Neuronal pathways by which leptin and insulin
increase SNA
Leptin
Leptin is a well-established sympathoexcitatory hormone
in male animals and humans [13] (Fig. 1). It increases
sympathetic drive to several organs involved in cardio-
vascular/blood pressure (BP) regulation, including the
hindlimb [lumbar SNA (LSNA)/MSNA)], adrenal gland,
kidney [renal SNA (RSNA)], as well as the splanchnic
organs [splanchnic SNA (SSNA)] [14–16]. Leptin also
differentially enhances baroreflex control of LSNA,
SSNA, RSNA, and heart rate (HR) [14]. The increases in
SNA evoked by leptin (and insulin) are homeostatically
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relevant, in particular after a meal: (1) insulin, and with
time leptin [17–19], increase after a meal; (2) the leptin-
(and insulin)-induced increases in SNA counteract direct
vasodilation induced by leptin (and insulin) [20–22]; and
(3) the increased muscle SNA stimulates glucose uptake
[23], thereby reinforcing the direct effects of these meta-
bolic hormones.
Recently, we discovered striking sex differences in the

actions of intracerebroventricular (icv) leptin infusions
on SNA in rats [24]. Leptin increased SSNA and HR
similarly in males versus females throughout the estrus
cycle. However, leptin activated lumbar and renal sym-
pathetic nerves only during proestrus and in estrogen-
treated ovariectomized rats, but not in ovariectomized
or diestrus rats. Thus, in females, leptin requires
proestrus-levels of estrogen for some of its sympathoex-
citatory effects, similarly to leptin’s dependence on es-
trogen for its anorexic effect [25].
Is there a teleological benefit for the cyclical sym-

pathoexcitatory effects of leptin in females? First, leptin
levels are considerably higher in females than males;
therefore, the dependence on elevated estrogen levels may
render leptin’s sympathoexcitatory effects mute through-
out much of the reproductive cycle. In addition, in young
women, sympathetic activation fails to induce vasocon-
striction, because of enhanced vascular β-adrenergic activ-
ity [26], and we have repeatedly found that leptin (or
insulin) increases SNA without increasing BP in female
rodents [24, 27]. Therefore, a hypertensive action of
leptin-induced sympathoexcitation would also be nullified.
Second, estrogen acts centrally to inhibit SNA [28]. In-
deed, young women tend to have lower resting MSNA
than men [26], due to higher estrogen levels [2]. In rats

during proestrus, baseline MAP [29] and SNA (as assessed
indirectly via plasma catecholamines) appear to be re-
duced [30], suggesting that the central sympathoinhibitory
and direct vascular effects of estrogen [31, 32] are domin-
ant. Therefore, proestrus-induced increases in leptin [33],
coupled with its enhancement by estrogen, could counter-
act or minimize estrogen-induced vasodilation, to help
maintain MAP.
The differential effects of leptin on various sympa-

thetic nerves in males versus females suggest that diverse
neuronal pathways or cellular mechanisms are involved.
While leptin enhances baroreflex control of LSNA,
SSNA, RSNA, and HR in both sexes, the subtly different
effects between the nerves are the same in males [14]
and proestrus females [24]. This result indirectly sug-
gests that the differential effects of leptin between the
sexes are not due to different sites or pathways of action,
but rather a positive interaction between leptin and es-
trogen at the cellular level, as previous reported [34]. In
support, we observed a similar dependence on estrogen
for leptin’s local sympathoexcitatory effects in the para-
ventricular nucleus (PVN; Shi and Brooks, unpublished
data). Clearly, more study is essential for a full under-
standing of the sex differences in the effects of leptin on
SNA and how this is modified with obesity.
Our knowledge of the brain sites at which leptin in-

creases SNA has been derived almost exclusively from
studies using male rodents. Infusion of leptin into the
lateral ventricle, but not the fourth ventricle, increases
LSNA, suggesting that forebrain sites dominate [14]. In-
deed, site-specific nanoinjections of leptin increases SNA
and/or BP via multiple forebrain areas, including the ar-
cuate nucleus (ArcN), ventromedial nucleus (VMH),

Fig. 1 Hypothalamic sites and neuropathways by which leptin and insulin increase sympathetic nerve activity (SNA) in both males and females. a
Leptin binds to leptin receptors (LepR) in several hypothalamic sites to increase SNA, including the arcuate nucleus (ArcN), ventromedial
hypothalamus (VMH), dorsomedial hypothalamus (DMH), and lateral hypothalamus (LH). LepR binding in all these sites then triggers neuronal
pathways that appear to converge in the paraventricular nucleus (PVN); ArcN neuropeptide Y (NPY) and proopiomelanocortin (POMC) neurons
relay the signal from the ArcN to the PVN. Downstream, the rostral ventrolateral medulla (RVLM) is activated, which then excites preganglionic
sympathetic neurons in the spinal cord. b Insulin acts in only one site, the ArcN, to increase SNA, via a neuropathway that includes ArcN NPY and
POMC projections to the PVN, which then activate PVN glutamatergic neurons that project to the RVLM. Green (top) represents neurons that
project to the RVLM. Red (a) is LepR. Red (b) is InsR
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dorsomedial hypothalamus (DMH), paraventricular nu-
cleus (PVN), lateral hypothalamus (LH), and subfornical
organ (SFO) (for review, see [15]) (Fig. 1). Nevertheless,
leptin can, with high doses, also increase RSNA when
injected into the brainstem nucleus tractus solitatius
(NTS) [35]. Deletion of the leptin receptor in the ArcN
eliminated intravenous leptin-induced sympathetic acti-
vation [36], suggesting that the ArcN is a major site of
action.

Insulin
Insulin is also a well-established sympathoexcitatory
hormone. Insulin acts centrally to increase SNA to sev-
eral vascular beds including the hindlimb, kidney, and
adrenal gland, with the most profound and rapid effect
on LSNA [37, 38]. Like leptin, baroreflex function is en-
hanced in parallel [27, 39]. Insulin also increases MSNA
in humans [40, 41], as well as its baroreflex regulation
[42], similarly to consuming a mixed meal. Unlike leptin,
however, icv insulin infusion produces similar increases
in LSNA in male rats and female rats throughout the es-
trous cycle [24]. Moreover, the increase in SNA induced
by insulin is not diminished by ovariectomy (Shi and
Brooks, unpublished results), suggesting that, unlike lep-
tin, the response is not dependent on nor influenced by
gonadal steroids. While leptin acts in several hypothal-
amic sites to increase SNA, and the insulin receptor is
distributed throughout the brain; insulin increases SNA
by binding to receptors in only one site, the ArcN, in
both males and females [27, 43] (Fig. 1).

Leptin and insulin neuronal circuitry: the ArcN-to-PVN
pathway
While leptin binds to receptors throughout the hypo-
thalamus to increase SNA, it is notable that the sym-
pathoexcitatory response to icv leptin can be completely
reversed by pharmacological blockade of the PVN [44].
These data suggest that the neuropathways emanating
from each hypothalamic site converge in the PVN. Simi-
larly, the sympathoexcitation evoked by icv or iv insulin
can be completely reversed by blockade of the PVN [27,
38]. Therefore, both the PVN and the ArcN are critical
nodes mediating the sympathetic effects of leptin and in-
sulin, in both males and females.
The ArcN-PVN neural pathway is composed mainly of

two components: excitatory proopiomelanocortin (POMC)
neurons and sympathoinhibitory neuropeptide Y (NPY)
neurons. POMC neurons release α-melanocyte stimulating
hormone (α-MSH), which binds to PVN melanocortin
type 4 receptors (MC4R). POMC neurons have proven to
be a key element of leptin-induced sympathetic activation
and hypertension development [45, 46]. Moreover, block-
ade of PVN MC3/4R with SHU9119 decreases LSNA in
leptin-treated male rats, as well as leptin-treated proestrus

rats [24, 44]. In parallel, MC4R in the PVN mediates insu-
lin’s sympathoexcitatory actions in both males [38] and fe-
males [47]. Thus, PVN MC4R contributes to the
sympathetic effects of leptin and insulin, in both males and
females.
The other major component of the ArcN-PVN neural

pathway is ArcN NPY neurons, which tonically inhibit
sympathetic activity via release of NPY in the PVN [48].
In female rats, nanoinjection of NPY dose-dependently
decreased LSNA, and RSNA, whereas PVN injection of
NPY Y1 and Y5 receptor antagonists increased LSNA
[48]. While NPY inputs into the PVN originate in the
ArcN and brainstem, the use of designer receptors exclu-
sively activated by designer drugs (DREADDs) to select-
ively activate or inhibit ArcN NPY neurons expressing
agouti-related peptide (AgRP) provided evidence that this
tonic NPY inhibition originates largely in the ArcN [49].
Select activation of ArcN AgRP/NPY neurons decreased
SSNA, arterial pressure, and heart rate, whereas select in-
hibition of ArcN AgRP/NPY neurons increased SSNA, ar-
terial pressure, and heart rate. This inhibition relied on
release of NPY in the PVN and DMH. On the other hand,
release of the inhibitory MC4R reverse agonist, AgRP,
from ArcN neurons does not appear to be involved, since
nanoinjection of AgRP in the PVN decreased body
temperature, but failed to decrease SSNA, AP, or HR [49].
This result is consistent with observations in Agouti obese
mice, in which the agouti peptide is ectopically expressed,
but NPY expression in ArcN neurons is normal [50]: (1)
Agouti obese mice exhibit elevated (rather than decreased)
BP in both males and females [51, 52]; (2) in agouti obese
mice, leptin failed to decrease food intake or body weight,
but increased RSNA as in lean mice [53]; (3) the LSNA re-
sponse to insulin was intact in the agouti obese mice [54].
In summary, AgRP released from ArcN neurons does not
appear to decrease SNA and BP, like NPY.
Inhibitory NPY and excitatory a-MSH neurons converge

onto the same PVN presympathetic neurons, which ex-
press both Y1R and MC4R [55–57]. We confirmed the
convergence functionally: (1) all PVN presympathetic neu-
rons (project to the rostral ventrolateral medulla) that are
inhibited by NPY are also excited by α-MSH [48]; (2) the
excitatory effects of PVN NPY Y1R blockade are pre-
vented by blocking MC3/4R, in both male and female rats
[48]; and (3) PVN administration of a low dose of the
MC4R agonist MTII elicits sympathoexcitation only after
prior blockade of NPY Y1R [44]. The latter result deserves
emphasis, as it suggests that NPY acts as a “gatekeeper”
for the excitatory effects of α-MSH and that the sympa-
thetic effects of leptin and insulin require concurrent in-
hibition of NPY neurons with activation of POMC
neurons. Indeed, leptin [44] and insulin [47] increase
LSNA in part by decreasing tonic NPY inhibition in the
PVN, in both males and females.
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Insulin and leptin may also stimulate PVN presympa-
thetic neurons via glutamatergic activation of ionotropic
glutamate receptors (iGluR). In males, blockade of PVN
iGluR partially reverses the sympathoexcitatory effects of
both leptin [44] and insulin [58]. Moreover, glutamate
can interact with α-MSH to increase SNA and BP [44,
59]. However, the source(s) of glutamate and the cellular
mechanisms of this interaction in the PVN deserves
addition investigation.
In summary, acute leptin and insulin administration

increases SNA in both males and females. Due to differ-
ences in sympathetic vasoconstrictor responsiveness,
central leptin and insulin increase blood pressure in
males, but not females [24]. Although elevated estrogen
in females can amplify leptin’s, but not insulin’s, activa-
tion of some sympathetic nerves, the same ArcN-PVN
neural pathway mediates the sympathetic effects of lep-
tin and insulin, in males and females: both decrease
NPY release in the PVN [44, 47], increase α-MSH re-
lease [38, 44], and elevate glutamate drive [44, 58].
Therefore, a HFD and obesity may cause sympathetic
overactivity in a sex-specific manner through its modifi-
cations of POMC neurons, NPY neurons, and PVN glu-
tamatergic neurotransmission.

Sex differences in effects of insulin and leptin on
SNA with obesity
Leptin
One of the first recognized actions of leptin was its ability
to inhibit food intake; indeed, loss of leptin or its receptor
in both sexes engenders profound obesity. Conversely, in-
creases in leptin inhibit food intake in both males and fe-
males (Fig. 2), although generally nonphysiological leptin
levels are required in acute experiments. Females are more
sensitive due to the facilitatory actions of estrogen [25, 60,
61] (Fig. 2). The relationship between leptin and food in-
take changes with obesity. In obese rodents, food intake is
close to normal despite elevated leptin levels, indicating a
resetting of the leptin-food intake relationship to a higher
leptin level (Fig. 2). In obese males, further increments in
leptin fail to inhibit food intake, i.e., leptin resistance [62],
but blockade of endogenous leptin stimulates food intake
as in lean animals [63] (Fig. 2). In obese female rodents,
leptin resistance develops after a considerably longer time
on a HFD [64], perhaps due to decreases in estrogen,
which also impair reproductive cycling [65]. However,
whether endogenous leptin continues to suppress food in-
take in obese females, as in obese males, has not been
investigated.
Much less is known about whether or how obesity im-

pacts the relationship between leptin and (L)SNA (Fig. 2).
As described above, in lean males, exogenous leptin in-
creases the activity of sympathetic nerves innervating sev-
eral organs, although in acute experiments large doses are

Fig. 2 Relationships between leptin and food intake (inhibitory) and
sympathetic nerve activity (SNA; excitatory) in males (left) and
females (right), and how these relationships are altered by obesity.
Top panel: food intake. In both males and females, a loss or decrease of
leptin or leptin receptors increases food intake, producing obesity. Increases
in leptin can inhibit food intake, but, in general, high doses are required. In
females, leptin’s anorexic effect is enhanced by estradiol (E2). In obese
males and females (red lines), the relationship between leptin and food
intake is reset to a higher leptin level. In males, increases in leptin no longer
inhibit food intake (“leptin resistance”), but blockade of endogenous leptin
receptors increases food intake (i.e. endogenous leptin continues to
suppress appetite). In females, leptin resistance takes longer to develop,
presumably due to suppression of reproductive cycling and decreases in
E2. However, whether endogenous leptin continues to suppress food
intake in females has not been investigated. Dashed lines indicate
hypothetical relationships that require further experimentation. Middle
panel: lumbar SNA (LSNA): Leptin increases LSNA in both lean males and
females; however, in females, this effect requires proestrus levels of E2. It is
unlikely that basal levels of endogenous leptin support (L)SNA in either
males or females. In obese males, leptin’s sympathoexcitatory effect is
preserved or enhanced and likely contributes to the increased basal SNA
observed with obesity in male humans and experimental animals. In
contrast, in obese females, suppression of reproductive cycling and
estrogen levels likely in parallel suppresses leptin’s sympathoexcitatory
effect. This sex difference (enhanced leptin SNA increases in obese males,
but reduced leptin effects in obese females), may contribute to the
observation that obesity increases SNA in men, but not women. Bottom
panel: Summary of known and hypothetical changes in food intake and
SNA with increases and decreases in leptin levels or actions in both lean
and obese males and females
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required. It is unlikely that endogenous leptin contributes
to basal SNA in lean males, since icv injection of a leptin
receptor antagonist does not alter RSNA in rabbits on a
normal fat diet [66], and since acute blockade of the PVN
or ArcN does not lower SNA. Obesity increases leptin and
SNA, and as reviewed previously [45, 46], some data sug-
gest the two are functionally related in males. First, leptin
and MSNA correlate in humans [67]. Second, chronic in-
fusion of leptin produces hypertension [46]. Third, unlike
with food intake, exogenous leptin elicits a normal or en-
hanced SNA response in obese males, so-called selective
leptin resistance [68]. Fourth, blockade of central leptin
receptors in obese males reduces SNA and/or arterial
pressure in some [36, 66, 69], but not all [70], studies. As
described above, in lean females, increments in leptin in-
crease LSNA only in the presence of proestrus levels of es-
trogen [24], and blockade of PVN MC3/4R does not
decrease SNA even in proestrus rats [24]; thus, it is un-
likely that leptin contributes to basal SNA in lean females
as in males. In obese but normally cycling females, the
variable effect of leptin on SNA during the reproductive
cycle may contribute to the poor correlation of SNA to in-
dices of obesity. Moreover, obesity can disrupt reproduct-
ive cycling in women [71] and rats [72, 73], with variable
effects on estrogen levels, which may also explain in part
this lack of correlation in females, unlike males. Finally,
even if the obese state increases estrogen as it increases
leptin, leptin may still not drive elevated SNA, because
obesity in females engenders resistance to its sympathoex-
citatory effects (unlike males), as it does to insulin (see
below). In support, we have found that leptin fails to in-
crease LSNA in DIO female rats in proestrus (Shi and
Brooks, preliminary observations), and pregnancy, another
state of added adipose, eliminates the sympathoexcitatory
effects of both leptin and insulin [74]. In obese females,
the development of hypertension, when it occurs, may be
mediated by other factors [75].
Leptin increases SNA via actions in several brains

sites, and a few studies have begun to identify which of
these is engaged in obese males. More specifically, it has
been shown that nonspecific blockade of the ArcN and
PVN [76, 77] both decrease SNA in DIO male rats.
While these results may reflect the actions of several
sympathoexcitatory factors, other reports indicate that,
in obese animals, select blockade of leptin receptors in
the ArcN [36], VMH [78], or DMH [69] decreases SNA
and/or MAP. Nevertheless, two studies were unable to
confirm a role for the DMH in obesity-induced sym-
pathoexcitation [77, 78].
In summary, considerable evidence implicates a role for

leptin in obesity-induced sympathoexcitation in males.
Nevertheless, other findings dispute its primacy: (1) leptin
does not always correlate with MSNA in humans [7]; (2)
Zucker rats, in which obesity is secondary to mutation of

the LepR, still exhibit increased SNA [79], and chronic
central blockade of MC3/4R decreases BP in male Zucker
rats [80]; and (3) leptin is produced in the subcutaneous
fat depot, but subcutaneous adiposity does not elevate
MSNA [81]. Thus, other factors must also be involved in
obesity-induced sympathoexcitation in males. In females,
a role for leptin-induced sympathoexcitation in DIO
hypertension is unlikely, but is currently unknown.

Insulin
Obesity causes insulin resistance, albeit less in females
[2], which can increase insulin and therefore SNA.
Nevertheless, infusions of insulin in obese humans do
not elevate MSNA [41, 82]. One interpretation of this
result is that the brain, like muscle, becomes resistant to
the sympathoexcitatory effects of insulin. However, as
discussed in detail previously [2, 41, 83], the lack of re-
sponse may be instead due to increases in plasma insulin
above the capacity of the insulin transporter that medi-
ates its movement from the plasma compartment into
the brain. As a result, further increments have no effects.
To test this idea, we recently infused insulin icv in

obese and lean male and female rats [84], in order to
bypass the blood-brain barrier (BBB) insulin transporter
(Fig. 3). We studied Sprague-Dawley rats with DIO, in
which rats eating a HFD diverge into obesity-prone
(OP) and obesity-resistant [OR: maintain body weight
and adiposity as in control rats eating a low-fat diet
(LFD)] cohorts. Importantly, the rats were studied early
in obesity development (4–6 weeks on a moderate 32%
HFD), before hypertension emerged. OP males were in-
sulin resistant, but OP females exhibited only subtle
signs of insulin resistance, as in humans. As previously
[24], insulin increased LSNA similarly in lean (OR and
control) males and females (Fig. 3). The fact that OR
males and females responded like their LFD counter-
parts suggests that the HFD alone is not sufficient to
trigger the obese phenotype. In OP males, however, the
sympathoexcitatory response to insulin was amplified
nearly tenfold (Fig. 3), much like the enhanced response
to leptin [85]. In parallel, in the conscious state, icv in-
sulin increased MAP only in OP male rats [77]. In
sharp contrast, in OP females, icv insulin now failed to
increase LSNA. These data therefore suggest another
potential mechanism for why obesity increases SNA in
males, but not females. In addition, the results highlight
insulin as a potential factor that can drive central sym-
pathoexcitatory pathways in obese males, despite
plasma insulin levels near the maximal BBB transport
activity: the brain is sensitized. Given the increasing use
of intranasal insulin to treat diseases such as Alzhei-
mer’s in humans [86], it will be important to test if this
sex difference documented in rats is also present in
humans (i.e., does intranasal elicit greater SNA
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increases in obese men, but smaller responses in obese
premenopausal women?).
Additional indirect evidence also implicates insulin in

obesity-induced sympathoexcitation in males: (1) icv in-
jection of an InsR antagonist decreases BP in obese rab-
bits [66]; (2) in obese humans, MSNA correlates with
insulin resistance and elevated insulin levels in men, but
not women [7]; and (3) weight loss decreases MSNA
and NE spillover in humans and this correlates with the
fall in plasma insulin, regardless of glycemic status [87].
Our recent studies provide direct evidence; nonspecific
blockade of the ArcN (the sole site at which insulin in-
creases SNA [27, 43]) or acute select blockade of ArcN
InsR decreased LSNA and BP in male OP, but not OR/
control, rats [77]. Thus, insulin also contributes to
obesity-induced activation of central sympathoexcitatory
pathways in males. Importantly, the rats were studied
only after 4–6 weeks of a HFD, before developing hyper-
tension. Therefore, the data reinforce the concept that
increases in SNA evolve early in subjects on a HFD [88,
89], before blood pressure increases. These preclinical
results mirror the human condition; obesity increases
SNA, but not always BP, because, in obese individuals,
the vasculature resists norepinephrine-induced vasocon-
striction [90–92].
In summary, current evidence suggests that obesity in-

creases SNA in males, but not females, in part because
of differential responsiveness to insulin. Nevertheless, a
definitive experiment, which determines if chronic cen-
tral InsR blockade decreases BP and SNA in obese
hypertensive males, but not females, is lacking.

Mechanisms for differential responses to leptin and insulin
in obese males and females
As detailed above, both leptin and insulin increase SNA
by simultaneously suppressing NPY inputs to the PVN,

which tonically inhibit SNA, and activating POMC neur-
onal inputs, which release the sympathoexcitatory peptide
α-MSH. Therefore, in males, the exaggerated responses to
leptin and insulin could be secondary to decreased NPY
inhibition and enhanced POMC excitation (Fig. 4).
We recently tested if NPY sympathoinhibition is sup-

pressed in obese males [84]. In lean animals, blockade of
PVN NPY Y1R increases SNA (NPY tonically inhibits
SNA) [48]. However, in obese males, PVN NPY Y1R
blockade had no effects; tonic NPY inhibition was lost.
Yet, the sympathoinhibition elicited by PVN NPY
nanoinjections was the same in lean and obese male rats,
indicating that the loss of PVN inhibitory NPY influ-
ences was not due to a decrease in NPY Y1R expression
or signaling. Instead, obesity eliminates tonic NPY in-
hibitory inputs to the PVN in males, allowing excitatory
inputs, like α-MSH, to increase SNA, unfettered by
inhibition.
Indirect evidence supporting a role for enhanced α-

MSH actions in PVN includes the findings that acute or
chronic blockade of brain MC3/4R with icv SHU9119
[93, 94], and that nonspecific blockade of the PVN [76],
decrease SNA and BP male rats with DIO. More re-
cently, we reported that acute blockade of PVN MC3/4R
decreased LSNA in OP but not lean rats [95], providing
direct support. Interestingly, icv [94] or PVN [95] injec-
tions of MTII or α-MSH, peptides that activate MC4R,
increased SNA only in obese animals. The increase in
SNA in response to MTII in OP rats (4–6 weeks of a
HFD) was the same as the increase in SNA to MTII after
blocking PVN NPY1R in lean rats [44]. Because tonic
NPY inhibition is absent in OP rats [84], these results
suggest that the emergence of PVN MTII responsiveness
in this early stage is due solely to the loss of tonic NPY
inhibition, rather than a change in MC3/4 receptor con-
tent or responsiveness in the PVN. Moreover, it appears,

Fig. 3 Obesity alters the sympathoexcitatory response to insulin in a sexually dimorphic way. Intracerebroventricular (icv) insulin increases lumbar
sympathetic nerve activity (LSNA) similarly in lean [control diet (CON) or resistant to obesity development when consuming a high fat diet (OR)]
males and females throughout the reproductive cycle. However, while obesity (obesity prone; OP) markedly amplifies the sympathoexcitatory
response to icv insulin in males, in females, insulin’s action is abolished. Data adapted from [84]
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at least in this early stage, that obesity does not upregu-
late downstream mechanisms, as in the brainstem [96].
Therefore, coupled with the finding that obesity does
not increase InsR expression in the ArcN [84, 95, 97],
the markedly amplified increases in SNA evoked by in-
sulin must be secondary to increases in insulin-induced
cellular signaling in the ArcN.
The actions of PVN NPY and α-MSH in OP female rats

were completely different from obese males [84]. In fe-
males, tonic inhibition of SNA via PVN NPY Y1R was the
same in obese and lean rats. More importantly, while icv
insulin suppressed this inhibition in lean females, it did
not in obese females; ArcN NPY neurons were resistant to

the inhibitory effects of insulin [84]. Interestingly, we also
found that, after NPY Y1R blockade, insulin did not in-
crease SNA nearly as much in obese females as lean fe-
males. Because the sympathoexcitatory response to insulin
depends on α-MSH in the PVN [38, 47], this result indir-
ectly suggests that insulin’s activation of ArcN POMC neu-
rons is also weakened with obesity in females. However,
future experiments are required to test this hypothesis.

Mechanisms for the differential impact of obesity in the
ArcN in males versus females
Collectively, these data highlight the role of the ArcN,
specifically POMC and NPY neurons, as a site of sexual
dimorphism in obesity-induced sympathoexcitation in
OP versus OR/control males and females. We will next
consider possible mechanisms for these different re-
sponses. We acknowledge that the mechanisms under-
lying greater sympathoexcitation in obese males
compared to females are complex and likely vary among
the various animal models and human populations.
Therefore, our focus will be on rodents consuming a
HFD, with information from other models included
where relevant.

Males DIO males can exhibit enhanced sympathetic re-
sponses to both leptin [85] and insulin [84]. In an import-
ant study of obese rabbits, the Head lab [85] demonstrated
that while icv leptin induced greater increases in RSNA,
neuronal activation (as assessed via c-fos induction) was
markedly reduced in many hypothalamic (and other brain)
nuclei. This finding reaffirms that while obesity renders
most leptin-responsive neurons insensitive, those neurons
involved in autonomic control are spared or even sensi-
tized, “selective leptin resistance.” This result also indicates
that it will be challenging to identify specific cellular mech-
anisms of sensitization, because the autonomic population
of neurons in the ArcN (and other sites) is such a small
fraction of all neurons containing LepR/InsR or influenced
indirectly by leptin or insulin. Therefore, what follows is
our speculation on potential or hypothesized mechanisms,
awaiting further experimentation.
It is well established that, in males, DIO activates the

renin-angiotensin system (RAS) [98, 99] and induces in-
flammation [100]. Moreover, blockade of the RAS prevents
or largely attenuates the pressor or sympathoexcitatory re-
sponses to both leptin [101] and insulin [102–105], sug-
gesting a dependence or potential for interaction. In a
recent series of experiments, the Johnson/Felder labs have
highlighted the importance of an obesity-induced syner-
gism between leptin, the RAS, and inflammation in the
brain sensitization to hypertensive stimuli (and other
pathological stresses) (see [106] for a review). Briefly, they
showed that 3 weeks of a 60% HFD upregulated brain lep-
tin receptors, RAS components, and indices of

Fig. 4 Proposed mechanisms to explain why obesity enhances the
sympathoexcitatory response to insulin (and perhaps leptin) in
males, but abolishes these responses in females. Left, males. In
obese males, increased basal sympathetic nerve activity (SNA) is
driven in part by suppressed tonic Neuropeptide Y (NPY)
sympathoinhibition, and increased α-melanocyte stimulating
hormone (α-MSH) excitation, of paraventricular (PVN) presympathetic
neurons. Because the increase in SNA in response to PVN α-MSH
agonists, like MTII, are the same in otherwise untreated obese male
rats and in lean rats after blockade of PVN NPY Y1 receptors, the
increased basal tone may be explained simply by the loss of tonic
NPY inhibition of PVN presympathetic nerves and/or increased
signaling upstream in arcuate nucleus (ArcN) proopiomelanocortin
(POMC) neurons. In addition, therefore, the amplified SNA response
to insulin in obese males is likely due to increased signaling in
insulin-receptive POMC neurons. The mechanism for the enhanced
insulin responsiveness is unknown, but may involve local ArcN
actions of Angiotensin II (AngII) to inhibit NPY neurons and/or the
inflammatory mediators like cytokines to excite POMC neurons.
Right, females. In females, basal SNA may not increase, because
tonic NPY sympathoinhibition is maintained and not inhibitable by
insulin. The maintenance of NPY tone may be explained by the
hypertensive actions of AngII becoming neutralized by the
antihypertensive actions of Ang-(1-7), as in the periphery. However,
future research is needed to address many of these mechanistic
links in both obese male and female rodents, and when possible, in
men and women
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inflammation, without producing hypertension [107]. Sub-
sequently, after a 1 week return to a LFD, this HFD prim-
ing significantly enhanced the hypertensive response to a
systemic, normally nonpressor, AngII infusion. Interest-
ingly, central LepR blockade prevented HFD sensitization
and icv leptin or TNF-α infusion mimicked HFD
sensitization [107]. Therefore, they concluded that in DIO
rats, central interactions between leptin, the RAS (in par-
ticular AngII and AT1R), and inflammation set the stage
for the hypertension induced by systemically administered
AngII. A key remaining question is whether the AngII-
induced hypertension in HFD-primed rats is mediated by
the amplified central actions of AngII to increase SNA or
to an interaction between the systemic pressor actions of
AngII (which are increased in obese males) and central
mechanisms. Remarkably, only one study has tested if cen-
tral AT1R blockade or elimination prevents or minimizes
hypertension in DIO males [108]. In mice on a HFD
(4 weeks), deletion of AT1aR in the PVN lowered systolic
pressure, but only in the dark phase and in association
with a substantial decrease in motor activity. Clearly, more
work is needed to establish a role for AT1aR/AngII in
obesity-induced sympathoexcitation in males.
In OP males, tonic NPY inhibition of SNA is elimi-

nated, whereas insulin-induced stimulation of POMC
neurons appears to be enhanced [84]. Can increased
AngII (via AT1R) or inflammation underlie the reduced
NPY tone or increased sensitivity of POMC neurons to
insulin? In support of a potential role for AT1R, the
ArcN expresses AT1R in both males and females [109,
110]. Moreover, ArcN nanoinjections of AngII increase
SNA and BP [111, 112]. Both a HFD [113] and AngII
[114] suppress ArcN NPY expression. Recently, ArcN
AT1R were identified largely in NPY/AgRP neurons in
mice [115]; in the rat, AT1R were also found in NPY
neurons, albeit at lower levels, and again rarely found in
POMC neurons (Pelletier and Brooks, unpublished in-
formation). Like insulin and leptin, ArcN AngII in-
creases SNA via inhibition of NPY neurons and
activation of POMC neurons and release of α-MSH in
the PVN [116]. The limited expression of AT1R in
POMC neurons suggests that this excitation involves a
local interneuron, but the exact mechanisms require fur-
ther study. Claflin et al [115] also tested the role of
AT1R in the suppression of NPY by a HFD. They re-
ported that HFD feeding decreased hypothalamic AgRP
mRNA expression in control mice, but not in mice in
which the AT1R was deleted in LepR-containing neu-
rons (the AT1R and LepR are co-expressed in the ArcN)
[115], supporting a link between AT1R and NPY sup-
pression with obesity. Thus, it is possible that an in-
creased action of AngII at AT1R could suppress tonic
NPY sympathoinhibitory tone in obese males, but this
hypothesis awaits further study.

How does obesity amplify the actions of insulin (and
leptin) on POMC neurons in males? Inflammation is an-
other sensitizing factor, which is well described in the
ArcN of males with DIO [117] (for reviews, see [100,
118, 119]). Inflammation is evoked by both a direct ac-
tion of saturated free fatty acids (SFA) on microglial cells
in the hypothalamus and by infiltration of immune cells
from the periphery [117]. Cellular mediators of inflam-
mation include IKK-β and NF-κB [120]. Knockdown of
IKK-β ameliorates hypertension in male mice with DIO
[121]. Interestingly, the cytokine TNF-α activates IKK-β
in POMC neurons far more than AgRP/NPY neurons
[121]. Moreover, selective knockdown of IKK-β in
POMC neurons prevented DIO-induced hypertension,
whereas IKK-β knockdown in AgRP/NPY neurons was
ineffective [121]. Collectively, these data support the hy-
pothesis that in obese males, activation of the RAS and
increased ArcN AT1R activity, suppresses tonic NPY
sympathoinhibition, whereas local inflammation in the
ArcN may sensitize POMC neurons to sympathoexcita-
tory factors, like insulin. Future experiments are re-
quired to test these hypotheses.

Females As described above, unlike obese males that ex-
hibit an enhanced SNA response to insulin, in obese fe-
males, insulin-induced increases in SNA were eliminated,
in part because activation of POMC neurons appeared
muted [84]. Can this be due to less inflammation in obese
females? Considerable work supports this hypothesis. First,
in premenopausal women, estrogen acts via ERα to favor
the distribution of adipose preferentially to the subcutane-
ous compartment [122]. In contrast, during menopause
(or following ovariectomy), more fat is deposited in the
visceral compartment. Visceral fat is more inflammatory
[2]. Therefore, females by virtue of their adipose distribu-
tion tend to exhibit less inflammation, a potential
sensitizer of POMC neurons. Second, estrogen is anti-
inflammatory at several levels, including immune cells, adi-
pose tissue, and the brain [123, 124]. Third, a HFD is in-
flammatory in part via the activation of brain microglia by
saturated fatty acids (SFA) [125]. Females on a HFD differ-
entially metabolize fat, by producing less SFA, instead pro-
ducing more favorable unsaturated fatty acids [124]. Brain
estrogen receptor alpha is anti-inflammatory, but is re-
duced in males by HFD-derived SFA [124]. Indeed, a HFD
elicits less microglial activation in females [120]. Thus, a
hypothesis to be tested is that in OP females, POMC neu-
rons are not sensitized to insulin, because of less inflam-
mation. Indirect support incudes the findings that obese
postmenopausal women or women with visceral obesity
exhibit elevated MSNA [9, 11, 12]. Alternatively, because
NPY neurons can directly inhibit POMC neurons within
the ArcN (Fig. 4), maintained NPY tone could render
POMC neurons less responsive to other stimuli.
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Another sex difference was that tonic NPY sym-
pathoinhibition was maintained in OP females [84]. Can
this be due in part to less inhibition by AngII in the
ArcN? In support, as reviewed previously [2, 28, 126,
127], (1) in males, obesity increased components of the
hypertensive arm of the RAS, AngII, and AT1R, but de-
creased components of the antihypertensive arm, Ang-
(1-7) and ACE2. In females, obesity had the opposite ef-
fects (increased Ang-(1-7) and ACE2; no increase in
AngII) [99]. Moreover, ArcN Ang-(1-7) can decrease
SNA and BP in females (Shi and Brooks, unpublished
data); (2) in brain, estrogen upregulates the antihyper-
tensive pathway and inhibits the hypertensive RAS path-
way [28]; and (3) ArcN AngII receptor binding varies
with the estrus cycle: highest during estrus and nearly
undetectable during proestrus [128]; treatment of ovari-
ectomized rats with sequential estrogen/progesterone in-
jections (to mimic the estrus phase) markedly increased
AT1R expression [110]. In parallel, we have found that
ArcN AngII nanoinjections produce the greatest in-
creases in SNA during estrus; ArcN AngII is ineffective
during proestrus (Shi and Brooks, unpublished findings).
Interestingly, while obesity has been associated with re-
productive cycle disruption [72, 73] and increases or de-
creases in estrogen [71], a common feature is a decrease
in progesterone [129]. Thus, a hypothesis to be tested is
that obesity-induced falls in progesterone, especially if
associated with increases in estrogen, decreases ArcN
AT1R expression, and its ability to suppress NPY sym-
pathoinhibition. Future work is required to determine if
reduced AT1R activation or the laudatory effects of sys-
temic Ang-(1-7) and ACE2 in obese females are dupli-
cated in the ArcN, specifically if by counteracting the
inhibition of NPY neurons by AngII.
Finally, what are the mechanisms by which ArcN NPY

and POMC neurons become resistant to insulin in OP
females? This does not appear to be due to a decrease in
the expression of InsR in NPY neurons [84]; therefore,
obesity in females somehow attenuates insulin signaling
specifically in presympathetic ArcN neurons. Since func-
tional AT1aR are required for insulin and leptin sym-
pathoexcitatory and hypertensive effects [101–105], a
reduction in ArcN AT1aR expression or signaling could
contribute. Again, future experiments are required.

Conclusions
In lean male and female rodents, leptin and insulin both
increase SNA via receptor binding in the ArcN and a
neuropathway that includes alterations of ArcN inputs
to the PVN (Fig. 1): suppression of tonic NPY sym-
pathoinhibition and stimulation of POMC sympathoex-
citation (via release of α-MSH). However, while the
ArcN is the sole site at which insulin elicits increases in
SNA, leptin acts in several hypothalamic sites, all of

which appear to converge in the PVN. There are subtle
differences that limit the actions of leptin/insulin to in-
crease SNA and/or BP in lean females: (1) leptin only in-
creases LSNA and RSNA during proestrus, through the
synergistic actions of elevated levels of estrogen, and (2)
the increases in SNA evoked by central leptin and insu-
lin cause vasoconstriction and increase BP in males, but
not females.
Obesity increases SNA in men, but only rarely in

women. One potential mechanism may involve sexually
dimorphic changes in the central actions of insulin and
leptin with obesity (Fig. 4). The sympathoexcitatory re-
sponse to insulin is markedly amplified in obese males,
but abolished in obese females. Obesity also preserves or
enhances the central sympathoexcitatory response to
leptin in males; while not yet investigated, because re-
productive cycling becomes impaired, obesity may also
further limit leptin-induced sympathoexcitation in fe-
males. These changes appear to be due to sexually di-
morphic alterations in NPY and POMC inputs to the
PVN (Fig. 4). In obese males, tonic PVN NPY sym-
pathoinhibition is lost, and POMC neuronal input to the
PVN increases, possibly due in part to increased insulin-
induced ArcN POMC cellular signaling. In contrast, in
obese females, tonic NPY sympathoinhibition is main-
tained and not inhibitable by insulin; POMC sensitivity
to insulin also may decrease. The mechanisms for these
sexually divergent changes induced by obesity are not
known, but we speculate that greater inhibition of NPY
neurons via the hypertensive, versus non-hypertensive,
arms of the RAS, and the greater inflammatory excita-
tion of POMC neurons, in obese males versus females
may contribute. However, the mechanisms by which the
effects of insulin (and possibly leptin) on ArcN NPY or
POMC neurons become muted in obese females are
unknown.

Perspectives and significance
It must be acknowledged that much of our current under-
standing and proposed testable hypotheses are based on
acute experiments in anesthetized rodents, which may not
exhibit all the features of human obesity, like obstructive
sleep apnea and aging. Therefore, going forward, it will be
critically important to test various aspects of the model in
humans and under more chronic conditions in awake ani-
mals. Some potentially impactful studies in humans could
address the following questions: (1) does intranasal insulin
increase MSNA more in obese men, than in obese pre-
menopausal women? (2) Is there greater activity of the
hypertensive versus antihypertensive arm of the RAS in
obese men than women, which increases blood pressure
and MSNA more? (3) While RAS blockade has been
shown to decrease MSNA in obese men and women
[130], sex differences were not examined; therefore, does
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inhibition of the RAS (ACEI vs ARB) decrease MSNA
more in obese men than premenopausal obese women
without visceral obesity? (4) Is the sympathoexcitatory ef-
fect of progesterone (or the progesterone:estrogen ratio)
during the menstrual cycle [131] altered by obesity? In
preclinical studies, more work is needed to determine (1)
the potential sites and mechanisms by which the various
brain estrogen receptors, as well as progesterone and its
neurosteroid metabolite, allopregnanolone, are involved in
the sympathoexcitatory effects of obesity and leptin/insu-
lin; (2) the brain sites and mechanisms by which the RAS
(both hypertensive and antihypertensive components) in-
teracts with leptin/insulin to increase SNA and how this
differs in lean and obese males versus females; (3) the
brain sites and mechanisms by which inflammation can
increase SNA in males versus females; and (4) whether in-
flammation and the RAS contribute differentially to the
sex differences in the impact of obesity in the ArcN.

Authors’ contributions
ZS and VLB both conceived, organized and prepared the manuscript. JW
produced illustrations and contributed to manuscript development. The
authors read and approved the final manuscript.

Funding
This work was funded in part by NIH grant HL128181.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 9 December 2019 Accepted: 17 February 2020

References
1. Esler M, Straznicky N, Eikelis N, Masuo K, Lambert G, Lambert E. Mechanisms

of sympathetic activation in obesity-related hypertension. Hypertension.
2006;48(5):787–96.

2. Brooks VL, Shi Z, Holwerda SW, Fadel PJ. Obesity-induced increases in
sympathetic nerve activity: sex matters. Auton Neurosci. 2015;187:18–26.

3. Lambert EA, Straznicky NE, Dixon JB, Lambert GW. Should the sympathetic
nervous system be a target to improve cardiometabolic risk in obesity? Am
J Physiol Heart Circ Physiol. 2015;309(2):H244–58.

4. Lambert E, Straznicky N, Eikelis N, Esler M, Dawood T, Masuo K, Schlaich M,
Lambert G. Gender differences in sympathetic nervous activity: influence of
body mass and blood pressure. J Hypertens. 2007;25(7):1411–9.

5. Tank J, Heusser K, Diedrich A, Hering D, Luft FC, Busjahn A, Narkiewicz K,
Jordan J. Influences of gender on the interaction between sympathetic
nerve traffic and central adiposity. J Clin Endocrinol Metab. 2008;93(12):
4974–8.

6. Maqbool A, West RM, Galloway SL, Drinkhill MJ, Mary DA, Greenwood JP,
Ball SG. Resting sympathetic nerve activity is related to age, sex and arterial
pressure but not to alpha2-adrenergic receptor subtype. J Hypertens. 2010;
28(10):2084–93.

7. Straznicky NE, Grima MT, Sari CI, Eikelis N, Nestel PJ, Dixon JB, Lambert GW,
Schlaich MP, Phillips SE, Lambert EA. Neck circumference is associated with
muscle sympathetic nerve activity in overweight and obese men but not
women. Front Physiol. 2017;8:203.

8. Ribeiro MM, Trombetta IC, Batalha LT, Rondon MU, Forjaz CL, Barretto AC,
Villares SM, Negrao CE. Muscle sympathetic nerve activity and
hemodynamic alterations in middle-aged obese women. Braz J Med Biol
Res. 2001;34(4):475–8.

9. Andersson B, Elam M, Wallin BG, Bjorntorp P, Andersson OK. Effect of
energy-restricted diet on sympathetic muscle nerve activity in obese
women. Hypertension. 1991;18(6):783–9.

10. Abate NI, Mansour YH, Tuncel M, Arbique D, Chavoshan B, Kizilbash A, Howell-
Stampley T, Vongpatanasin W, Victor RG. Overweight and sympathetic
overactivity in black Americans. Hypertension. 2001;38(3):379–83.

11. Grassi G, Dell'Oro R, Facchini A, Quarti TF, Bolla GB, Mancia G. Effect of
central and peripheral body fat distribution on sympathetic and baroreflex
function in obese normotensives. J Hypertens. 2004;22(12):2363–9.

12. Jones PP, Snitker S, Skinner JS, Ravussin E. Gender differences in muscle
sympathetic nerve activity: effect of body fat distribution. Am J Physiol
Endocrinol Metab. 1996;270(2):E363–6.

13. Machleidt F, Simon P, Krapalis AF, Hallschmid M, Lehnert H, Sayk F.
Experimental hyperleptinemia acutely increases vasoconstrictory
sympathetic nerve activity in healthy humans. J Clin Endocrinol Metab.
2013;98(3):E491–6.

14. Li B, Shi Z, Cassaglia PA, Brooks VL. Leptin acts in the forebrain to
differentially influence baroreflex control of lumbar, renal, and splanchnic
sympathetic nerve activity and heart rate. Hypertension. 2013;61(4):812–9.

15. Harlan SM, Rahmouni K. Neuroanatomical determinants of the sympathetic
nerve responses evoked by leptin. Clin Auton Res. 2013;23(1):1–7.

16. Bell BB, Harlan SM, Morgan DA, Guo DF, Rahmouni K. Differential
contribution of POMC and AgRP neurons to the regulation of regional
autonomic nerve activity by leptin. Mol Metab. 2018;8:1–12.

17. Romon M, Lebel P, Velly C, Marecaux N, Fruchart JC, Dallongeville J. Leptin
response to carbohydrate or fat meal and association with subsequent
satiety and energy intake. Am J Phys. 1999;277(5):E855–61.

18. Lee MJ, Fried SK. Integration of hormonal and nutrient signals that regulate
leptin synthesis and secretion. Am J Physiol Endocrinol Metab. 2009;296(6):
E1230–8.

19. Elimam A, Marcus C. Meal timing, fasting and glucocorticoids interplay in
serum leptin concentrations and diurnal profile. Eur J Endocrinol. 2002;
147(2):181–8.

20. Vecchione C, Aretini A, Maffei A, Marino G, Selvetella G, Poulet R, Trimarco V,
Frati G, Lembo G. Cooperation between insulin and leptin in the
modulation of vascular tone. Hypertension. 2003;42(2):166–70.

21. Lembo G, Vecchione C, Fratta L, Marino G, Trimarco V, d'Amati G, Trimarco
B. Leptin induces direct vasodilation through distinct endothelial
mechanisms. Diabetes. 2000;49(2):293–7.

22. Baron AD. Hemodynamic actions of insulin. Am J Phys. 1994;267(2 Pt 1):
E187–202.

23. Nonogaki K. New insights into sympathetic regulation of glucose and fat
metabolism. Diabetologia. 2000;43(5):533–49.

24. Shi Z, Brooks VL. Leptin differentially increases sympathetic nerve activity
and its baroreflex regulation in female rats: role of oestrogen. J Physiol.
2015;593(7):1633–47.

25. Clegg DJ, Brown LM, Woods SC, Benoit SC. Gonadal hormones determine
sensitivity to central leptin and insulin. Diabetes. 2006;55(4):978–87.

26. Joyner MJ, Barnes JN, Hart EC, Wallin BG, Charkoudian N. Neural control of
the circulation: how sex and age differences interact in humans. Compr
Physiol. 2015;5(1):193–215.

27. Cassaglia PA, Hermes SM, Aicher SA, Brooks VL. Insulin acts in the arcuate
nucleus to increase lumbar sympathetic nerve activity and baroreflex
function in rats. J Physiol. 2011;589(Pt 7):1643–62.

28. Xue B, Johnson AK, Hay M. Sex differences in angiotensin II- and
aldosterone-induced hypertension: the central protective effects of
estrogen. Am J Phys Regul Integr Comp Phys. 2013;305(5):R459–63.

29. Goldman RK, Azar AS, Mulvaney JM, Hinojosa-Laborde C, Haywood JR,
Brooks VL. Baroreflex sensitivity varies during the rat estrous cycle: role of
gonadal steroids. Am J Phys Regul Integr Comp Phys. 2009;296(5):R1419–26.

30. Gomes HL, Graceli JB, Goncalves WL, dos Santos RL, Abreu GR, Bissoli NS,
Pires JG, Cicilini MA, Moyses MR. Influence of gender and estrous cycle on
plasma and renal catecholamine levels in rats. Can J Physiol Pharmacol.
2012;90(1):75–82.

31. Saleh MC, Connell BJ, Saleh TM. Autonomic and cardiovascular reflex
responses to central estrogen injection in ovariectomized female rats. Brain
Res. 2000;879(1–2):105–14.

Shi et al. Biology of Sex Differences           (2020) 11:10 Page 10 of 13



32. Hay M. Sex, the brain and hypertension: brain oestrogen receptors and high
blood pressure risk factors. Clin Sci (Lond). 2016;130(1):9–18.

33. Fungfuang W, Nakada T, Nakao N, Terada M, Yokosuka M, Gizurarson S, Hau J,
Moon C, Saito TR. Serum leptin concentrations, leptin mRNA expression, and
food intake during the estrous cycle in rats. Lab Anim Res. 2013;29(1):1–6.

34. Kelly MJ, Qiu J. Estrogen signaling in hypothalamic circuits controlling
reproduction. Brain Res. 2010;1364:44–52.

35. Mark AL, Agassandian K, Morgan DA, Liu X, Cassell MD, Rahmouni K. Leptin
signaling in the nucleus tractus solitarii increases sympathetic nerve activity
to the kidney. Hypertension. 2009;53(2):375–80.

36. Harlan SM, Morgan DA, Agassandian K, Guo DF, Cassell MD, Sigmund CD,
Mark AL, Rahmouni K. Ablation of the leptin receptor in the hypothalamic
arcuate nucleus abrogates leptin-induced sympathetic activation. Circ Res.
2011;108(7):808–12.

37. Muntzel MS, Morgan DA, Mark AL, Johnson AK. Intracerebroventricular
insulin produces nonuniform regional increases in sympathetic nerve
activity. Am J Phys Regul Integr Comp Phys. 1994;267:R1350–5.

38. Ward KR, Bardgett JF, Wolfgang L, Stocker SD. Sympathetic response to
insulin is mediated by melanocortin 3/4 receptors in the hypothalamic
paraventricular nucleus. Hypertension. 2011;57(3):435–41.

39. Pricher MP, Freeman KL, Brooks VL. Insulin in the brain increases gain of
baroreflex control of heart rate and lumbar sympathetic nerve activity.
Hypertension. 2008;51(2):514–20.

40. Anderson EA, Hoffman RP, Balon TW, Sinkey CA, Mark AL. Hyperinsulinemia
produces both sympathetic neural activation and vasodilation in normal
humans. JClinInvest. 1991;87(6):2246–52.

41. Vollenweider P, Randin D, Tappy L, Jequier E, Nicod P, Scherrer U. Impaired
insulin-induced sympathetic neural activation and vasodilation in skeletal
muscle in obese humans. JClinInvest. 1994;93(6):2365–71.

42. Young CN, Deo SH, Chaudhary K, Thyfault JP, Fadel PJ. Insulin enhances the
gain of arterial baroreflex control of muscle sympathetic nerve activity in
humans. JPhysiol. 2010;588(18):3593–603.

43. Luckett BS, Frielle JL, Wolfgang L, Stocker SD. Arcuate nucleus injection of
an anti-insulin affibody prevents the sympathetic response to insulin. Am J
Physiol Heart Circ Physiol. 2013;304(11):H1538–46.

44. Shi Z, Cassaglia PA, Gotthardt LC, Brooks VL. Hypothalamic paraventricular
and arcuate nuclei contribute to elevated sympathetic nerve activity in
pregnant rats: roles of neuropeptide Y and alpha-melanocyte-stimulating
hormone. Hypertension. 2015;66(6):1191–8.

45. Bell BB, Rahmouni K. Leptin as a mediator of obesity-induced hypertension.
Curr Obes Rep. 2016;5(4):397–404.

46. Hall JE, da Silva AA, do Carmo JM, Dubinion J, Hamza S, Munusamy S, Smith
G, Stec DE. Obesity-induced hypertension: role of sympathetic nervous
system, leptin, and melanocortins. J Biol Chem. 2010;285(23):17271–6.

47. Cassaglia PA, Shi Z, Brooks VL. Insulin increases sympathetic nerve activity in
part by suppression of tonic inhibitory neuropeptide Y inputs into the
paraventricular nucleus in female rats. Am J Phys Regul Integr Comp Phys.
2016;311(1):R97–R103.

48. Cassaglia PA, Shi Z, Li B, Reis WL, Clute-Reinig NM, Stern JE, Brooks VL.
Neuropeptide Y acts in the paraventricular nucleus to suppress sympathetic
nerve activity and its baroreflex regulation. J Physiol. 2014;592(Pt 7):1655–75.

49. Shi Z, Madden CJ, Brooks VL. Arcuate neuropeptide Y inhibits sympathetic
nerve activity via multiple neuropathways. J Clin Invest. 2017;127(7):2868–80.

50. Kesterson RA, Cone RD, Lynch CA, Huszar D, Simerly RB. Induction of
neuropeptide Y gene expression in the dorsal medial hypothalamic nucleus
in two models of the Agouti obesity syndrome. Mol Endocrinol. 1997;11(5):
630–7.

51. 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(12 Pt 2):1949–53.

52. Huby AC, Otvos L Jr, Belin de Chantemele EJ. Leptin induces hypertension
and endothelial dysfunction via aldosterone-dependent mechanisms in
obese female mice. Hypertension. 2016;67(5):1020–8.

53. Rahmouni K, Haynes WG, Morgan DA, Mark AL. Selective resistance to
central neural administration of leptin in agouti obese mice. Hypertension.
2002;39(2 Pt 2):486–90.

54. Morgan DA, Rahmouni K. Differential effects of insulin on sympathetic nerve
activity in agouti obese mice. J Hypertens. 2010;28(9):1913–9.

55. Ghamari-Langroudi M, Srisai D, Cone RD. Multinodal regulation of the
arcuate/paraventricular nucleus circuit by leptin. Proc Natl Acad Sci U S A.
2011;108(1):355–60.

56. Kishi T, Aschkenasi CJ, Choi BJ, Lopez ME, Lee CE, Liu H, Hollenberg AN,
Friedman JM, Elmquist JK. Neuropeptide Y Y1 receptor mRNA in rodent
brain: distribution and colocalization with melanocortin-4 receptor. J Comp
Neurol. 2005;482(3):217–43.

57. Bouyer K, Simerly RB. Neonatal leptin exposure specifies innervation of
presympathetic hypothalamic neurons and improves the metabolic status
of leptin-deficient mice. J Neurosci. 2013;33(2):840–51.

58. Stocker SD, Gordon KW. Glutamate receptors in the hypothalamic
paraventricular nucleus contribute to insulin-induced sympathoexcitation. J
Neurophysiol. 2015;113(5):1302–9.

59. Yu B, Cai D. Neural programmatic role of Leptin, TNFalpha, Melanocortin,
and glutamate in blood pressure regulation vs obesity-related hypertension
in male C57BL/6 mice. Endocrinology. 2017;158(6):1766–75.

60. Clegg DJ, Riedy CA, Smith KA, Benoit SC, Woods SC. Differential sensitivity
to central leptin and insulin in male and female rats. Diabetes. 2003;52(3):
682–7.

61. Cote I, Green SM, Toklu HZ, Morgan D, Carter CS, Tumer N, Scarpace PJ.
Differential physiological responses to central leptin overexpression in male
and female rats. J Neuroendocrinol. 2017;29(12):e12552.

62. Balland E, Cowley MA. New insights in leptin resistance mechanisms in
mice. Front Neuroendocrinol. 2015;39:59–65.

63. Ottaway N, Mahbod P, Rivero B, Norman LA, Gertler A, D'Alessio DA, Perez-
Tilve D. Diet-induced obese mice retain endogenous leptin action. Cell
Metab. 2015;21(6):877–82.

64. Harris RB, Bowen HM, Mitchell TD. Leptin resistance in mice is determined
by gender and duration of exposure to high-fat diet. Physiol Behav. 2003;
78(4–5):543–55.

65. Litwak SA, Wilson JL, Chen W, Garcia-Rudaz C, Khaksari M, Cowley MA, Enriori
PJ. Estradiol prevents fat accumulation and overcomes leptin resistance in
female high-fat diet mice. Endocrinology. 2014;155(11):4447–60.

66. Lim K, Burke SL, Head GA. Obesity-related hypertension and the role of
insulin and leptin in high-fat-fed rabbits. Hypertension. 2013;61(3):628–34.

67. Lambert E, Sari CI, Dawood T, Nguyen J, McGrane M, Eikelis N, Chopra R,
Wong C, Chatzivlastou K, Head G, et al. Sympathetic nervous system activity
is associated with obesity-induced subclinical organ damage in young
adults. Hypertension. 2010;56(3):351–8.

68. Mark AL. Selective leptin resistance revisited. Am J Phys Regul Integr Comp
Phys. 2013;305(6):R566–81.

69. Simonds SE, Pryor JT, Ravussin E, Greenway FL, Dileone R, Allen AM, Bassi J,
Elmquist JK, Keogh JM, Henning E, et al. Leptin mediates the increase in
blood pressure associated with obesity. Cell. 2014;159(6):1404–16.

70. Tumer N, Erdos B, Matheny M, Cudykier I, Scarpace PJ. Leptin antagonist
reverses hypertension caused by leptin overexpression, but fails to
normalize obesity-related hypertension. J Hypertens. 2007;25(12):2471–8.

71. Seif MW, Diamond K, Nickkho-Amiry M. Obesity and menstrual disorders.
Best Pract Res Clin Obstet Gynaecol. 2015;29(4):516–27.

72. Balasubramanian P, Jagannathan L, Mahaley RE, Subramanian M, Gilbreath
ET, Mohankumar PS, Mohankumar SM. High fat diet affects reproductive
functions in female diet-induced obese and dietary resistant rats. J
Neuroendocrinol. 2012;24(5):748–55.

73. Hussain MA, Abogresha NM, Hassan R, Tamany DA, Lotfy M. Effect of
feeding a high-fat diet independently of caloric intake on reproductive
function in diet-induced obese female rats. Arch Med Sci. 2016;12(4):
906–14.

74. Shi Z, Hansen KM, Bullock KM, Morofuji Y, Banks WA, Brooks VL. Resistance
to the sympathoexcitatory effects of insulin and leptin in late pregnant rats.
J Physiol. 2019;597(15):4087–100.

75. Faulkner JL, Belin de Chantemele EJ. Sex differences in mechanisms of
hypertension associated with obesity. Hypertension. 2018;71(1):15–21.

76. Chen F, Cham JL, Badoer E. High-fat feeding alters the cardiovascular role of
the hypothalamic paraventricular nucleus. Am J Phys Regul Integr Comp
Phys. 2010;298(3):R799–807.

77. Shi Z, Zhao D, Cassaglia PA, Brooks VL. Sites and sources of
sympathoexcitation in obese male rats: role of brain insulin. Am J Phys
Regul Integr Comp Phys. 2020; (in press).

78. Lim K, Barzel B, Burke SL, Armitage JA, Head GA. Origin of aberrant blood
pressure and sympathetic regulation in diet-induced obesity. Hypertension.
2016;68(2):491–500.

79. Huber DA, Schreihofer AM. Attenuated baroreflex control of sympathetic
nerve activity in obese Zucker rats by central mechanisms. J Physiol. 2010;
588(Pt 9):1515–25.

Shi et al. Biology of Sex Differences           (2020) 11:10 Page 11 of 13



80. do Carmo JM, da Silva AA, Rushing JS, Hall JE. Activation of the central
melanocortin system contributes to the increased arterial pressure in obese
Zucker rats. Am J Phys Regul Integr Comp Phys. 2012;302(5):R561–7.

81. Alvarez GE, Ballard TP, Beske SD, Davy KP. Subcutaneous obesity is not
associated with sympathetic neural activation. Am J Physiol Heart Circ
Physiol. 2004;287(1):H414–8.

82. Straznicky NE, Lambert GW, Masuo K, Dawood T, Eikelis N, Nestel PJ,
McGrane MT, Mariani JA, Socratous F, Chopra R, et al. Blunted sympathetic
neural response to oral glucose in obese subjects with the insulin-resistant
metabolic syndrome. Am J Clin Nutr. 2009;89(1):27–36.

83. Limberg JK, Curry TB, Prabhakar NR, Joyner MJ. Is insulin the new
intermittent hypoxia? Med Hypotheses. 2014;82(6):730–5.

84. Shi Z, Cassaglia PA, Pelletier NE, Brooks VL. Sex differences in the
sympathoexcitatory response to insulin in obese rats: role of neuropeptide
Y. J Physiol. 2019;597(6):1757–75.

85. Prior LJ, Eikelis N, Armitage JA, Davern PJ, Burke SL, Montani JP, Barzel B,
Head GA. Exposure to a high-fat diet alters leptin sensitivity and elevates
renal sympathetic nerve activity and arterial pressure in rabbits.
Hypertension. 2010;55(4):862–8.

86. Santiago JCP, Hallschmid M. Outcomes and clinical implications of
intranasal insulin administration to the central nervous system. Exp Neurol.
2019;317:180–90.

87. Straznicky NE, Grima MT, Sari CI, Lambert EA, Phillips SE, Eikelis N, Mariani
JA, Kobayashi D, Hering D, Dixon JB, et al. Comparable attenuation of
sympathetic nervous system activity in obese subjects with Normal glucose
tolerance, impaired glucose tolerance, and treatment naive type 2 diabetes
following equivalent weight loss. Front Physiol. 2016;7:516.

88. Armitage JA, Burke SL, Prior LJ, Barzel B, Eikelis N, Lim K, Head GA. Rapid
onset of renal sympathetic nerve activation in rabbits fed a high-fat diet.
Hypertension. 2012;60(1):163–71.

89. Muntzel MS, Al-Naimi OA, Barclay A, Ajasin D. Cafeteria diet increases fat
mass and chronically elevates lumbar sympathetic nerve activity in rats.
Hypertension. 2012;60(6):1498–502.

90. Jerez S, Scacchi F, Sierra L, Karbiner S, de Bruno MP. Vascular hyporeactivity
to angiotensin II and noradrenaline in a rabbit model of obesity. J
Cardiovasc Pharmacol. 2012;59(1):49–57.

91. Romanko OP, Stepp DW. Reduced constrictor reactivity balances impaired
vasodilation in the mesenteric circulation of the obese Zucker rat. Am J
Physiol Heart Circ Physiol. 2005;289(5):H2097–102.

92. Agapitov AV, Correia ML, Sinkey CA, Haynes WG. Dissociation between
sympathetic nerve traffic and sympathetically mediated vascular tone in
normotensive human obesity. Hypertension. 2008;52(4):687–95.

93. Dubinion JH, da Silva AA, Hall JE. Enhanced blood pressure and appetite
responses to chronic central melanocortin-3/4 receptor blockade in dietary-
induced obesity. J Hypertens. 2010;28(7):1466–70.

94. Barzel B, Lim K, Davern PJ, Burke SL, Armitage JA, Head GA. Central
proopiomelanocortin but not neuropeptide Y mediates sympathoexcitation
and hypertension in fat fed conscious rabbits. J Hypertens. 2016;34(3):464–
73. discussion 473.

95. Shi Z, Zhao D, Cassaglia PA, Brooks VL. Sites and sources of
sympathoexcitation in obese male rats: role of brain insulin. Am J Phys.
2020; (in revision).

96. Stocker SD, Meador R, Adams JM. Neurons of the rostral ventrolateral
medulla contribute to obesity-induced hypertension in rats. Hypertension.
2007;49(3):640–6.

97. Clegg DJ, Benoit SC, Reed JA, Woods SC, Dunn-Meynell A, Levin BE.
Reduced anorexic effects of insulin in obesity-prone rats fed a moderate-fat
diet. Am J Phys Regul Integr Comp Phys. 2005;288(4):R981–6.

98. Boustany CM, Brown DR, Randall DC, Cassis LA. AT1-receptor antagonism
reverses the blood pressure elevation associated with diet-induced obesity.
Am J Phys Regul Integr Comp Phys. 2005;289(1):R181–6.

99. Gupte M, Thatcher SE, Boustany-Kari CM, Shoemaker R, Yiannikouris F,
Zhang X, Karounos M, Cassis LA. Angiotensin converting enzyme 2
contributes to sex differences in the development of obesity hypertension
in C57BL/6 mice. Arterioscler Thromb Vasc Biol. 2012;32(6):1392–9.

100. Valdearcos M, Xu AW, Koliwad SK. Hypothalamic inflammation in the
control of metabolic function. Annu Rev Physiol. 2015;77:131–60.

101. Hilzendeger AM, Morgan DA, Brooks L, Dellsperger D, Liu X, Grobe JL,
Rahmouni K, Sigmund CD, Mark AL. A brain leptin-renin angiotensin system
interaction in the regulation of sympathetic nerve activity. Am J Physiol
Heart Circ Physiol. 2012;303(2):H197–206.

102. Muntzel MS, Morales J, Akinsefunmi A. Converting enzyme inhibition with
captopril abolishes sympathoexcitation to euglycemic hyperinsulinemia in
rats. Am J Hypertens. 2001;14(6 Pt 1):592–8.

103. Brands MW, Harrison DL, Keen HL, Gardner A, Shek EW, Hall JE. Insulin-
induced hypertension in rats depends on an intact renin-angiotensin
system. Hypertension. 1997;29(4):1014–9.

104. Nakata T, Takeda K, Hatta T, Kiyama M, Moriguchi J, Miki S, Kawa T,
Morimoto S, Nakamura K, Uchida A, et al. Blockade of angiotensin II
receptors inhibits the increase in blood pressure induced by insulin. J
Cardiovasc Pharmacol. 1998;31(2):248–52.

105. Velloso LA, Folli F, Perego L, Saad MJ. The multi-faceted cross-talk between
the insulin and angiotensin II signaling systems. Diabetes Metab Res Rev.
2006;22(2):98–107.

106. Johnson AK, Xue B. Central nervous system neuroplasticity and the
sensitization of hypertension. Nat Rev Nephrol. 2018;14(12):750–66.

107. Xue B, Yu Y, Zhang Z, Guo F, Beltz TG, Thunhorst RL, Felder RB, Johnson AK.
Leptin mediates high-fat diet sensitization of angiotensin II-elicited
hypertension by upregulating the brain renin-angiotensin system and
inflammation. Hypertension. 2016;67(5):970–6.

108. de Kloet AD, Pati D, Wang L, Hiller H, Sumners C, Frazier CJ, Seeley RJ,
Herman JP, Woods SC, Krause EG. Angiotensin type 1a receptors in the
paraventricular nucleus of the hypothalamus protect against diet-induced
obesity. J Neurosci. 2013;33(11):4825–33.

109. Premer C, Lamondin C, Mitzey A, Speth RC, Brownfield MS.
Immunohistochemical localization of AT1a, AT1b, and AT2 angiotensin II
receptor subtypes in the rat adrenal, pituitary, and brain with a perspective
commentary. Int J Hypertens. 2013;2013:175428.

110. Johren O, Sanvitto GL, Egidy G, Saavedra JM. Angiotensin II AT1A receptor
mRNA expression is induced by estrogen-progesterone in dopaminergic
neurons of the female rat arcuate nucleus. J Neurosci. 1997;17(21):8283–92.

111. Arakawa H, Chitravanshi VC, Sapru HN. The hypothalamic arcuate nucleus: a
new site of cardiovascular action of angiotensin-(1-12) and angiotensin II.
Am J Physiol Heart Circ Physiol. 2011;300(3):H951–60.

112. Kawabe T, Kawabe K, Sapru HN. Cardiovascular responses to chemical
stimulation of the hypothalamic arcuate nucleus in the rat: role of the
hypothalamic paraventricular nucleus. PLoSOne. 2012;7(9):e45180.

113. Beck B. Neuropeptide Y in normal eating and in genetic and dietary-
induced obesity. Philos Trans R Soc Lond Ser B Biol Sci. 2006;361(1471):
1159–85.

114. Yoshida T, Semprun-Prieto L, Wainford RD, Sukhanov S, Kapusta DR,
Delafontaine P. Angiotensin II reduces food intake by altering orexigenic
neuropeptide expression in the mouse hypothalamus. Endocrinology. 2012;
153(3):1411–20.

115. Claflin KE, Sandgren JA, Lambertz AM, Weidemann BJ, Littlejohn NK, Burnett
CM, Pearson NA, Morgan DA, Gibson-Corley KN, Rahmouni K, et al.
Angiotensin AT1A receptors on leptin receptor-expressing cells control
resting metabolism. J Clin Invest. 2017;127(4):1414–24.

116. Shi Z, Brooks VL. Arcuate nucleus angiotensin II increases arterial pressure
and sympathetic nerve activity in part via inhibition of neuropeptide Y
projections to the hypothalamic Paraventricular nucleus. FASEB J. 2018;32:
732.

117. Valdearcos M, Douglass JD, Robblee MM, Dorfman MD, Stifler DR,
Bennett ML, Gerritse I, Fasnacht R, Barres BA, Thaler JP, et al. Microglial
inflammatory signaling orchestrates the hypothalamic immune response
to dietary excess and mediates obesity susceptibility. Cell Metab. 2017;
26(1):185–197.e183.

118. Dorfman MD, Thaler JP. Hypothalamic inflammation and gliosis in obesity.
Curr Opin Endocrinol Diabetes Obes. 2015;22(5):325–30.

119. Jais A, Bruning JC. Hypothalamic inflammation in obesity and metabolic
disease. J Clin Invest. 2017;127(1):24–32.

120. Douglass JD, Dorfman MD, Fasnacht R, Shaffer LD, Thaler JP. Astrocyte
IKKbeta/NF-kappaB signaling is required for diet-induced obesity and
hypothalamic inflammation. Mol Metab. 2017;6(4):366–73.

121. Purkayastha S, Zhang G, Cai D. Uncoupling the mechanisms of obesity and
hypertension by targeting hypothalamic IKK-beta and NF-kappaB. NatMed.
2011;17(7):883–7.

122. Palmer BF, Clegg DJ. The sexual dimorphism of obesity. Mol Cell Endocrinol.
2015;402:113–9.

123. Morselli E, Santos RS, Criollo A, Nelson MD, Palmer BF, Clegg DJ. The effects
of oestrogens and their receptors on cardiometabolic health. Nat Rev
Endocrinol. 2017;13(6):352–64.

Shi et al. Biology of Sex Differences           (2020) 11:10 Page 12 of 13



124. Morselli E, Frank AP, Palmer BF, Rodriguez-Navas C, Criollo A, Clegg DJ. A
sexually dimorphic hypothalamic response to chronic high-fat diet
consumption. Int J Obes. 2016;40(2):206–9.

125. Valdearcos M, Robblee MM, Benjamin DI, Nomura DK, Xu AW, Koliwad SK.
Microglia dictate the impact of saturated fat consumption on hypothalamic
inflammation and neuronal function. Cell Rep. 2014;9(6):2124–38.

126. Sandberg K, Ji H. Sex differences in primary hypertension. Biol Sex Differ.
2012;3(1):7.

127. White MC, Fleeman R, Arnold AC. Sex differences in the metabolic effects of
the renin-angiotensin system. Biol Sex Differ. 2019;10(1):31.

128. Seltzer A, Tsutsumi K, Shigematsu K, Saavedra JM. Reproductive hormones
modulate angiotensin II AT1 receptors in the dorsomedial arcuate nucleus
of the female rat. Endocrinology. 1993;133:939–41.

129. Yeung EH, Zhang C, Albert PS, Mumford SL, Ye A, Perkins NJ, Wactawski-
Wende J, Schisterman EF. Adiposity and sex hormones across the menstrual
cycle: the BioCycle study. Int J Obes. 2013;37(2):237–43.

130. Grassi G, Seravalle G, Dell'Oro R, Trevano FQ, Bombelli M, Scopelliti F,
Facchini A, Mancia G. Comparative effects of candesartan and
hydrochlorothiazide on blood pressure, insulin sensitivity, and sympathetic
drive in obese hypertensive individuals: results of the CROSS study. J
Hypertens. 2003;21(9):1761–9.

131. Carter JR, Fu Q, Minson CT, Joyner MJ. Ovarian cycle and
sympathoexcitation in premenopausal women. Hypertension. 2013;61(2):
395–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Shi et al. Biology of Sex Differences           (2020) 11:10 Page 13 of 13


	Abstract
	Introduction
	Neuronal pathways by which leptin and insulin increase SNA
	Leptin
	Insulin
	Leptin and insulin neuronal circuitry: the ArcN-to-PVN pathway

	Sex differences in effects of insulin and leptin on SNA with obesity
	Leptin
	Insulin
	Mechanisms for differential responses to leptin and insulin in obese males and females
	Mechanisms for the differential impact of obesity in the ArcN in males versus females


	Conclusions
	Perspectives and significance
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

