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In Brief

In this paper, Kimura et al. show a

mechanism of the central insulin-

mediated hepatic response, where

central insulin action—known to

suppress hepatic glucose production via

hepatic IL-6/STAT3 activation—mitigates

the a7-nAchR-dependent

downregulation of IL-6 expression in

Kupffer cells by the vagus nerve.

Kimura et al., 2016, Cell Reports 14, 2362–2374
March 15, 2016 ª2016 The Authors
http://dx.doi.org/10.1016/j.celrep.2016.02.032

mailto:inoue-h@staff.kanazawa-u.ac.jp
http://dx.doi.org/10.1016/j.celrep.2016.02.032
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2016.02.032&domain=pdf


Cell Reports

Article

Central Insulin Action Activates Kupffer Cells
by Suppressing Hepatic Vagal Activation via
the Nicotinic Alpha 7 Acetylcholine Receptor
Kumi Kimura,1,12 Mamoru Tanida,2,12 Naoto Nagata,3 Yuka Inaba,1,4 Hitoshi Watanabe,1 Mayumi Nagashimada,3

Tsuguhito Ota,3 Shun-ichiro Asahara,5 Yoshiaki Kido,5,6 Michihiro Matsumoto,7 Koji Toshinai,8,9 Masamitsu Nakazato,8

Toshishige Shibamoto,2 Shuichi Kaneko,10 Masato Kasuga,11 and Hiroshi Inoue1,4,*
1Department of Physiology and Metabolism, Brain/Liver Interface Medicine Research Center, Kanazawa University, Kanazawa,

Ishikawa 920-8641, Japan
2Department of Physiology II, Kanazawa Medical University, Uchinada, Ishikawa 920-0293, Japan
3Department of Cell Metabolism and Nutrition, Brain/Liver Interface Medicine Research Center, Kanazawa University, Kanazawa,

Ishikawa 920-8641, Japan
4Metabolism and Nutrition Research Unit, Institute for Frontier Science Initiative, Kanazawa University, Kanazawa, Ishikawa 920-8641, Japan
5Division of Diabetes and Endocrinology, Department of Internal Medicine, Kobe University Graduate School of Medicine, Kobe,

Hyogo 650-0017, Japan
6Division of Medical Chemistry, Department of Biophysics, Kobe University Graduate School of Health Sciences, Kobe, Hyogo 654-0142,

Japan
7Department of Molecular Metabolic Regulation, Diabetes Research Center, Research Institute, National Center for Global Health

and Medicine, Tokyo 162-8655, Japan
8Department of Neurology, Respirology, Endocrinology, and Metabolism, Faculty of Internal Medicine, University of Miyazaki, Miyazaki,

Miyazaki 889-1692, Japan
9Department of Sports and Fitness, Faculty of Wellness, Shigakkan University, Obu, Aichi 474-8651, Japan
10Department of Disease Control and Homeostasis, Graduate School of Medical Sciences, Kanazawa University, Kanazawa,

Ishikawa 920-8641, Japan
11National Center for Global Health and Medicine, Tokyo 162-8655, Japan
12Co-first author

*Correspondence: inoue-h@staff.kanazawa-u.ac.jp

http://dx.doi.org/10.1016/j.celrep.2016.02.032
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

SUMMARY

Central insulin action activates hepatic IL-6/STAT3
signaling, which suppresses the gene expression of
hepatic gluconeogenic enzymes. The vagus nerve
plays an important role in this centrally mediated he-
patic response; however, the precisemechanism un-
derlying this brain-liver interaction is unclear. Here,
we present our findings that the vagus nerve sup-
presses hepatic IL-6/STAT3 signaling via a7-nico-
tinic acetylcholine receptors (a7-nAchR) on Kupffer
cells, and that central insulin action activates
hepatic IL-6/STAT3 signaling by suppressing vagal
activity. Indeed, central insulin-mediated hepatic
IL-6/STAT3 activation and gluconeogenic gene sup-
pression were impeded in mice with hepatic vagot-
omy, pharmacological cholinergic blockade, or
a7-nAchR deficiency. In high-fat diet-induced obese
and insulin-resistant mice, control of the vagus
nerve by central insulin action was disturbed,
inducing a persistent increase of inflammatory cyto-
kines. These findings suggest that dysregulation of
the a7-nAchR-mediated control of Kupffer cells by

central insulin action may affect the pathogenesis
of chronic hepatic inflammation in obesity.

INTRODUCTION

Insulin directly controls glucose metabolism in various target or-

gans such as skeletal muscle, adipose tissue, and the liver, while

also acting indirectly on the CNS to regulate glucose/energy

metabolism (Plum et al., 2006; Schwartz et al., 2013). In fact,

brain-specific insulin receptor knockout mice display insulin

resistance, in addition to increased food intake, body weight,

and obesity (Br€uning et al., 2000). Various studies have indicated

that central insulin action reduces hepatic glucose production

(HGP), especially in rodents (Obici et al., 2002). Increased circu-

lating levels of insulin result in the activation of hypothalamic in-

sulin receptor/phosphatidylinositol 3-kinase (PI3-K) signaling,

leading to the suppression of HGP via hypothalamic ATP-depen-

dent potassium channels, which is activated by PI3-K (Carey

et al., 2013; Prodi and Obici, 2006). Indeed, the suppression of

HGP using the hyperinsulinemic-euglycemic clamp technique

is impeded by insulin receptor deficiency, insulin receptor

knockdown, and PI3-K inhibition in the hypothalamus (Inoue

et al., 2006; Obici et al., 2002). Moreover, intracerebroventricular

(ICV) administration of insulin and ATP-dependent potassium
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