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Abstract Metabolic processes in different tissues and

remote organs are under coordinated systemic regulation,

allowing adaptation to a variety of external circumstances.

Neuronal signals as well as humoral factors, such as

nutrients, growth factors, and hormones, have attracted

increasing attention for their roles in this interorgan

metabolic network, responsible for the maintenance of

metabolic homeostasis at the whole-body level. These

interorgan communications within an organism are con-

sidered to be diverse and, in fact, we identified previously

unknown neuronal relay systems originating in the liver

which modulate energy, glucose, and lipid metabolism.

Furthermore, when nutrient overload is prolonged, these

neuronal mechanisms, which function as an endogenous

defense system against obesity development, contribute to

the pathophysiological states of metabolic syndrome

characterized by obesity-associated features. Therefore,

these interorgan neuronal systems are considered to be

possible molecular targets for treating metabolic syndrome.

We herein review the precise mechanisms underlying the

functions of the mammalian interorgan neuronal network,

especially the pathways from the liver to several other

organs, focusing on their significance and roles in the

development of metabolic syndrome.
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Introduction

Currently, the worldwide prevalence of metabolic syn-

drome is increasing at an alarming rate, which is a reflec-

tion of the westernization of dietary habits and altered food

preferences [1, 2]. Metabolic syndrome represents a col-

lection of pathological states based on obesity and obesity-

associated pathogenesis, including hypertension, glucose

intolerance, and dyslipidemia. The combination of these

conditions accelerates the risk for cardiovascular and

cerebrovascular morbidities. In addition, the pathophysio-

logical bases of metabolic syndrome stem from genetic or

environmental factors, possibly in combination, such that

further insights into the mechanisms underlying the

pathogenesis of metabolic syndrome are eagerly awaited

[3].

Communication and coordination among various organs

are essential for maintaining the homeostasis of systemic

metabolic processes at the whole-body level [4, 5]. In

addition, metabolic processes in these organs are regulated

in a coordinated fashion by both humoral and neuronal

factors. The autonomic nervous system is increasingly

being recognized as an important component of this

interorgan metabolic network and has attracted consider-

able research attention [3, 6]. Conducting research under

current circumstances, we identified interorgan neuronal

networks originating in the liver, and elucidated the

physiological roles of these systems in regulating several

metabolic processes at the whole-body level [7].

However, nutrient overloads due to excess energy

intake, a hallmark of obesity development, may affect these

interorgan systems which regulate metabolism, resulting in

the progressive worsening of metabolic dysregulation [3].

We have also demonstrated that these neuronal systems,

ironically, contribute to the development of metabolic
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syndrome features, such as weight gain [8], hypertension

[9], and hyperlipidemia [10]. In other words, our results

indicate that the newly identified interorgan neuronal net-

works have pathophysiological roles in the development of

metabolic syndrome, raising the possibility of them serving

as novel therapeutic targets for metabolic syndrome.

Mechanisms mediated by the interorgan neuronal
network

Metabolic processes at the whole-body level are intricately

regulated via interactions among remote organs. These

interorgan communications are considered to play funda-

mental roles in maintaining metabolic homeostasis. Meta-

bolic processes within organs are communicated to other

organs via the neuronal network in addition to humoral

factors, including insulin, adipokines [11, 12], hepatokines

[13, 14], and myokines [15, 16]. These metabolic com-

munications are also referred to as the ‘‘Metabolic Infor-

mation Highway,’’ which has become an important area of

research worldwide.

We have identified a neuronal relay system originating

in white adipose tissue (WAT) which functions by modu-

lating UCP1 expression in WAT. This neuronal system is

considered to ameliorate the deterioration of glucose

metabolism and the state of leptin resistance in states of

obesity, via afferent sympathetic nerves traveling from

WAT to the brain [17].

Next, we identified neuronal relay systems originating in

the liver which have significant roles in regulating energy

balance [7, 8] and glucose metabolism [18], both of which

are essential for adapting to the excess nutrition availability

in our current ‘‘age of plenty.’’ These systems are consid-

ered to be regulated by either the afferent vagal or

splanchnic nerves traveling from the liver to the brain,

sending neuronal signals to adipose tissue [7, 8] or the

pancreas [18], respectively.

In addition, several previous reports have indicated the

importance of neuronal networks and have demonstrated

that the brain plays a central role in mediating these neuronal

networks [19–21]. For example, the mechanisms by which

alterations of serum glucose, lipid, and leptin levels in the

brain—especially the hypothalamus—are sensed, as well as

those regulating hepatic glucose and lipid production via the

hepatic vagal nerve, have been identified [19, 20]. These

systems are considered to mainly be regulated by the

efferent vagal nerve traveling from the brain to the liver. On

the other hand, the conditions associated with obesity may

attenuate these regulatory systems in the hypothalamus and

thereby exacerbate pathophysiological states such as serum

glucose and lipid elevations, contributing, respectively, to

the development of diabetes and dyslipidemia [19, 20, 22].

Moreover, metabolic alterations in the duodenum and

other portions of the intestinal tract reportedly regulate

hepatic glucose production via the neuronal network, an

interactive process referred to as the gut–brain–liver axis.

This system is considered to consist of both afferent nerves

traveling from the gut to the brain and efferent vagal nerves

traveling from the brain to the liver [23, 24]. Furthermore,

obesity reportedly attenuates this regulatory system and

thereby results in the dysregulation of hepatic gluconeo-

genesis, leading to serum glucose elevation, i.e., hyper-

glycemia [24].

Collectively, the close connections between the liver,

brain, and other organs, mediated by neuronal networks

functioning throughout the body, are considered to main-

tain metabolic homeostasis. Furthermore, prolonged obe-

sity in the current age of plenty is speculated to lead to

dysregulation of these neuronal systems, thereby exacer-

bating metabolic disorders.

Roles of the interorgan neuronal network
originating in the liver

Interorgan communication and energy metabolism

In a number of murine obesity models as well as in obese

human subjects, hepatic expression of PPARc—especially

PPARc2, a transcriptional factor which activates genes

involved in lipid storage and production—has been

demonstrated to be upregulated [25, 26]. Hepatic expres-

sion of PPARc2 is considered to mimic the obesity-related

phenotype of the liver, i.e., the development of fatty liver.

Hepatic lipid accumulation through PPARc2 induction

modulates energy metabolism by activating the sympa-

thetic nervous system and enhancing energy expenditure

and lipolysis in adipose tissue via the neuronal network

traveling from the liver to adipose tissue. This endogenous

system, which is present in all mammals, appears to protect

multi-organ organisms from obesity development by reg-

ulating systemic energy metabolism via sympathetic ner-

vous system activation (Fig. 1) [7]. Excess energy intake,

i.e., beyond physiological requirements, reportedly upreg-

ulates hepatic expression of glucokinase, the enzyme cat-

alyzing the first and rate-limiting step of glycolysis

[27, 28]. Hepatic expression of glucokinase is also con-

sidered to mimic the obesity-related phenotype of the liver.

The glycolytic alterations in the liver resulting from

increased hepatic glucokinase expression lead to decreased

UCP1 expression in brown adipose tissue (BAT) via neu-

ronal network signals from the liver to BAT. This system

thereby mediates the suppression of thermogenesis in BAT,

with consequent obesity development. This pathway is

considered to serve as an energy-saving mechanism at the
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whole-body level by regulating adaptive thermogenesis via

the UCP1 level in BAT [8].

Interorgan communication and glucose metabolism

The endogenous extracellular regulated kinase (ERK)

pathway is known to be activated in the livers of obese

mammals [29]. Hepatic expression of the constitutively

active form of mitogen-activated protein kinase/ERK

kinase has actually been shown to upregulate the ERK

pathway in the liver, leading to a state mimicking the

obesity-related phenotype of the liver. In this state, acti-

vation of the hepatic ERK pathway increased the pancre-

atic b-cell mass and glucose-induced insulin secretion from

these b cells via the neuronal network traveling from the

liver to the pancreas [18]. This phenotype indicates that

upregulation of the hepatic ERK pathway contributes to the

increase in pancreatic b-cell mass and obesity-associated

hyperinsulinemia in the state of insulin resistance associ-

ated with obesity development. Furthermore, we anticipate

that the ability to modulate this neuronal relay, originating

in the hepatic ERK pathway, would provide opportunities

to promote the insulin secretion necessary to compensate

for decreased insulin levels. New therapeutic targets for

managing diabetes might thus arise from research on this

neuronal relay.

Interorgan communication and hypertension

Humoral mechanisms, including insulin and leptin, have

been proposed to be involved in the development of

obesity-related disorders. For example, hyperleptinemia is

also associated with blood pressure (BP) elevation and

renal sympathetic activation in human subjects [30]. This is

due mainly to selective leptin resistance, in which the

sympathoexcitatory effect of leptin is preserved, despite

resistance to the anorexigenic effect of leptin [31].

In addition to the roles of these humoral factors,

numerous studies have shown sympathetic tonus to be

increased in obese subjects [32], especially those with

visceral adiposity [33]. Obese states, even when not

accompanied by BP elevation, are considered to represent

adrenergic overdrive. Furthermore, several pathological

states combining to produce the metabolic syndrome have

been shown to be associated with increased adrenergic

drive [34]. Such activation of sympathetic tonus is con-

sidered to increase cardiac output, renal sodium absorption,

and vasoconstriction, as well as potentiating the renin–

angiotensin–aldosterone system, leading to the develop-

ment of hypertension [35].

Sympathetic, especially afferent, nerves from the aorta

and abdominal viscera reportedly play important roles in

BP regulation [36]. In addition to the actions of sympa-

thetic afferents, intraperitoneal dexamethasone adminis-

tration has also been shown to raise BP via a mechanism

involving hepatic PPARa and vagal afferents from the liver

[37]. Thus, neuronal signals, mediated by the afferent

component of the vagal nerve from the liver, are consid-

ered to be involved in determining BP in various settings.

Hepatic activation of the PPARc2-Fsp27 pathway,

upregulated in the livers of obese humans and animal

models, raises sympathetic tonus and thereby elevates BP.

PPAR 2 UCP1

Metabolic Information Highway

Lipid accumulation Lipolysis

Endogenous defense against obesity development

Obesity

Liver Adipose tissue

Sympathetic
nerves

Energy expenditure

Improvement of obesity, diabetes and insulin resistance

Brain

Vagal nerve

γ

Fig. 1 Physiology of the

interorgan neuronal network.

The interorgan neuronal

network traveling from the liver

to adipose tissues regulates

systemic glucose and energy

metabolism. This pathway

functions as an endogenous

defense mechanism against

obesity development under

conditions of sustained nutirent

overload
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These phenotypes were inhibited by hepatic vagal nerve

blockade achieved by hepatic vagotomy and capsaicin

application to the hepatic vagal nerve. In addition, hepatic

PPARc2 expression in b-less mice had no effect on BP

regulation. These results demonstrated that the hepatic

PPARc2-Fsp27 pathway regulates the sympathetic nervous

system and controls BP via the neuronal pathway consist-

ing of the hepatic afferent vagal nerve and sympathetic (b-
adrenergic) nerves [9]. Conversely, suppression of the

hepatic PPARc2-Fsp27 pathway in obese models, by

administering PPARc2 and Fsp27 shRNAi adenoviruses,

improves obesity-related hypertension. Therefore, under

conditions of sustained energy overload, this defensive

system against obesity, ironically, has a pathophysiological

role in persistent sympathetic nervous system activation,

i.e., obesity-related hypertension, a feature of the metabolic

syndrome (Fig. 2) [9].

Roles of the interorgan neuronal and internutrient
network originating in the liver

Amino acid metabolism and the mTOR pathway

in the liver

Next, we focused on the roles of hepatic amino acid (AA)

signaling in whole-body metabolism. Circulating AAs,

mainly from dietary protein, are considered to enter the

cytoplasm via AA transporters (AATs), which are

responsible for the first step in AA signaling [38].

Recently, it has been recognized that circulating AAs as

well as the AA contents of a variety of organs are

increased in obesity [39]. The mammalian target of

rapamycin (mTOR) pathway is known to function as a

downstream target of insulin and nutrients, including

AAs, and growth hormones, leading to protein synthesis

and autophagy pathways that maintain the organism in a

healthy state [40–42]. In addition, obese models show

upregulation of the mTOR/p70-S6 kinase (S6K) pathway

in several organs, including the liver [43, 44]. Therefore,

hepatic expression of an AAT (SNAT2, slc38a2), which

is an upstream target and the first step in the AA signaling

pathway [38, 45], is considered to activate the AA/

mTOR/S6K pathway in the liver [10]. Modulation of the

hepatic AA/mTOR pathway introduced by SNAT2

expression is thus considered to mimic the hepatic phe-

notype observed in obesity.

mTOR pathway in the liver and lipid metabolism

Hepatic SNAT2 expression actually activated the hepatic

AA/mTOR pathway, mimicking the obesity-related phe-

notype of the liver. In addition, hepatic expression of RAS

homolog enriched in brain (Rheb), an activator of the

mTOR pathway independent of the AA signaling pathway

[46], also activated the AA/mTOR pathway in the liver.

Under these conditions, hepatic activation of the mTOR

pathway by SNAT2 and Rheb inductions markedly

increased serum triglyceride (TG) levels, including chy-

lomicron and very low density lipoprotein (VLDL) frac-

tions, especially in postprandial states.

Previous studies demonstrated that the hepatic mTOR

pathway is associated with lipid metabolism through fatty

acid biosynthesis [47] and autophagy-regulated lipid

metabolism [48]. Therefore, the mTOR pathway in the

liver is considered to function as an energy sensor,

modulating cellular processes involved in lipid metabo-

lism [49] as well as systemic processes at the whole-body

level.

The hypertriglyceridemia observed in these models of

hepatic SNAT2 and Rheb inductions is due mainly to

decreased plasma TG-hydrolysis activity. The decrease in

plasma TG-hydrolysis activity resulted mainly from the

downregulation of adipose lipoprotein lipase (LPL)

Prolonged SNS stimulation 

Obesity-related hypertension

Sustained over-nutrients
Sympathetic
    nerves

Brain 

Vagal nerve

PPARγ2-Fsp27
     pathway

Liver

Fig. 2 Scheme of the

pathophysiology of metabolic

syndrome, i.e., obesity-related

hypertension. Under the

conditions of sustained energy

overload often present during

obesity development, the

interorgan neuronal network,

ironically, persistently activates

the sympathetic nervous system,

leading to pathological states

such as obesity-related

hypertension
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expression. On the other hand, hepatic expression of the

dominant-negative form of S6K (DN-S6K) inhibited the

hypertriglyceridemia observed in SNAT2 mice, indicating

involvement of the hepatic mTOR/S6K pathway in regu-

lating serum TG levels [10]. Furthermore, hepatic expres-

sion of DN-S6K in obese mice inhibited the hepatic mTOR

pathway and obesity-related hypertriglyceridemia with

upregulation of adipose LPL expression. Based on these

results, the mTOR/S6 K pathway in the liver is, potentially,

a novel therapeutic target for obesity-related dyslipidemia

(hypertriglyceridemia).

Interorgan communication and lipid metabolism

Adipose LPL expression was previously reported to be

negatively regulated by the sympathetic (b-adrenergic)
nervous system [50]. First, hepatic vagal nerve blockade,

achieved by hepatic vagotomy and capsaicin application

to the hepatic vagal nerve in Rheb mice, inhibited post-

prandial hypertriglyceridemia and suppressed the down-

regulation of adipose LPL expression. In addition,

blockade of b-adrenergic nerves by b-blocker adminis-

tration in Rheb mice also inhibited both postprandial

hypertriglyceridemia and adipose LPL downregulation.

Therefore, this novel mechanism is mediated by the

interorgan neuronal relay originating from the hepatic

AA/mTOR/S6K signaling pathway, and is responsible for

regulating systemic lipid metabolism. Furthermore, this

mechanism mediated by the interorgan neuronal network

produces internutrient coordination (AA to lipid) at the

whole-body level. Therefore, this interorgan/nutrient net-

work is considered to contribute significantly to the

development of obesity-related hypertriglyceridemia

(Fig. 3) [10].

Contributions of the interorgan neuronal network
to metabolic syndrome

The expotential increase in obesity rates worldwide is

emerging as a major social problem with serious adverse

consequences, including atherosclerotic morbidity [51, 52].

In particular, visceral obesity is prone to be associated with

hypertension, glucose intolerance, and hyperlipidemia,

collectively termed metabolic syndrome, the combination

of which raises the risk for cardiovascular and cere-

brovascular complications. We originally identified novel

mechanisms mediated by neuronal networks originating

mainly in the liver, and elucidated their physiological roles

in maintaining metabolic homeostasis at the whole-body

level. Furthermore, we have demonstrated that these

endogenous systems, ironically, also have pathophysio-

logical roles in the development of features of the meta-

bolic syndrome, such as obesity-related hypertension

(Fig. 2) [9] and hypertriglyceridemia (Fig. 3) [10].

Conclusion

Interorgan neuronal networks have begun to attract atten-

tion worldwide for their roles in maintaining metabolic

homeostasis at the whole-body level in mammals. It is

noteworthy that the mechanisms mediated by the neuronal

pathways originating in the liver play physiological roles in

regulating systemic glucose and energy metabolism [7].

These interorgan neuronal networks are considered to

underlie the internutrient network, opening up a new field

in nutrition science. Furthermore, in states of prolonged

energy overload, these neuronal mechanisms contribute to

the development of pathophysiological states, such as the

Nutrient overload 
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Hypertriglyceridemia 

Brain 

Interorgan network 

LPL AAs/mTOR 

TG hydrolysis AAs 

SNAT2 

Amino Acids Internutrient network Lipids 

Sympathetic 
    nerves 

Vagal nerve 

Fig. 3 The pathophysiology of

obesity-related

hypertriglyceridemia, a

hallmark of metabolic

syndrome. The interorgan (liver

to adipose) neuronal network is

responsible for a novel form of

internutrient (AA to lipid)

coordination. Sustained

overnutrition during obesity

development excessively

activates this regulatory system,

leading to pathological states

such as obesity-related

hypertriglyceridemia
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components of metabolic syndrome [9, 10]. In conclusion,

the discovery of new neuronal networks and the identifi-

cation of molecular targets regulating these networks in the

near future are eagerly anticipated.
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