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In brief

Wiedemann et al. demonstrate that IL-1b

stimulates insulin secretion via neuronal

transmission and that blocking IL-1b

suppresses the cephalic phase insulin

response. Microglia are the source of IL-

1b in cephalic phase insulin release.

Dysregulated IL-1b signaling during

obesity results in impaired cephalic

phase insulin secretion.
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SUMMARY
The initial cephalic phase of insulin secretion is mediated through the vagus nerve and is not due to glycemic
stimulation of pancreatic b cells. Recently, IL-1bwas shown to stimulate postprandial insulin secretion. Here,
we describe that this incretin-like effect of IL-1b involves neuronal transmission. Furthermore, we found that
cephalic phase insulin release was mediated by IL-1b originating from microglia. Moreover, IL-1b activated
the vagus nerve to induce insulin secretion and regulated the activity of the hypothalamus in response to ce-
phalic stimulation. Notably, cephalic phase insulin release was impaired in obesity, in bothmice and humans,
and in mice, this was due to dysregulated IL-1b signaling. Our findings attribute a regulatory role to IL-1b in
the integration of nutrient-derived sensory information, subsequent neuronally mediated insulin secretion,
and the dysregulation of autonomic cephalic phase responses in obesity.
INTRODUCTION

Insulin secretion is regulated by multiple factors. Although the

direct effects of glucose acting on pancreatic b cells constitute

the most prominent stimulus of insulin secretion (Röder et al.,

2016; Sharpey-Sch€afer, 1924), other mechanisms such as

neuronal stimulation and incretin hormones may account for as

much as 70%–80% of the total insulin response to a meal (Ber-

thoud, 1984; Nauck et al., 1986).

Cephalic phase insulin release is the consequence of sensory

stimuli from food (sight, smell, taste, proprioceptive, and tactile

stimulation) acting on receptors in the head and oropharynx prior

to the direct stimulatory effects of glucose on b cells (Berthoud

et al., 1980; Powley, 1977). These stimuli then entail activation

of the parasympathetic nervous system and downstream insulin

secretion (Ahrén et al., 1990; Berthoud et al., 1981; Strubbe,

1992). Cephalic phase responses are essential in the postpran-

dial regulation of glucose homeostasis because a meal that by-

passes the oral cavity, and thus cephalic phase responses,

causes glucose intolerance (Ahrén, 2000; Brede et al., 2020,

2017; Andersen et al., 1995; Lorentzen et al., 1987; Louis-Syl-

vestre, 1976; Steffens, 1976; Teff and Engelman, 1996). Apart

from muscarinic receptor signaling in b cells and hypothalamic

monoamines, no molecular mediator of cephalic phase insulin

release has been described to date (Berthoud and Jeanrenaud,

1982; Holmes et al., 1989; Strubbe et al., 1987).
Cell Metabolism 34, 991–100
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IL-1b regulates the organism’s response to tissue damage and

pathogens (Dinarello, 2013). More recently, IL-1b was shown to

be an essential player in both the physiology and pathology of

glucose metabolism (Bendtzen et al., 1986; Donath et al.,

2019; Donath and Shoelson, 2011; Hajmrle et al., 2016; Larsen

et al., 2007). Indeed, the chronic activation of IL-1b in patients

with metabolic syndrome promotes b cell toxicity and ultimately

failure—characteristic features of type 2 diabetes (Böni-Schnet-

zler et al., 2008; Maedler et al., 2002). In contrast to these dele-

terious long-term effects, acute food intake primes myeloid cells

to produce IL-1b, which then contributes to the physiological

postprandial stimulation of insulin secretion (Dror et al., 2017).

However, the underlying mechanisms of this incretin-like effect

of IL-1b on insulin release remain unknown.

We hypothesized that IL-1b exerts its secretagogue effect on

insulin secretion via stimulation of the parasympathetic nervous

system. Using genetic and pharmacological models, we found

IL-1b to mediate its stimulatory effect on insulin secretion via

central muscarinic signaling. In order to substantiate the

neuronal involvement of IL-1b-mediated insulin release, we

studied the cephalic phase insulin response as a prime

example of centrally mediated insulin secretion. We identified

IL1b as a crucial mediator of this cephalic phase reflex. Origi-

nating from long-lived CX3CR1+ myeloid cells, such as micro-

glia, it regulated neuronal activity in the hypothalamus in

response to cephalic stimulation. Notably, we found cephalic
3, July 5, 2022 ª 2022 The Authors. Published by Elsevier Inc. 991
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phase insulin release to be impaired in obesity, in both mice

and humans, in an IL-1b-dependent manner in mice. Thus,

IL-1b has a regulatory role in the neuronal stimulation of insulin

secretion and in the dysregulation of autonomic cephalic phase

responses in obesity.
RESULTS

IL-1b-induced insulin secretion requires central
muscarinic receptor signaling
First, we tested whether neuronal transmission is involved in IL-

1b-induced insulin release. We confirmed (Dror et al., 2017) that

the intraperitoneal (i.p.) injection of IL-1b, prior to an i.p. glucose

tolerance test (GTT), strongly potentiated insulin secretion

(Figures 1A and 1B) along with enhanced glucose clearance

(Figures 1C and 1D). The muscarinic acetylcholine-receptor

antagonist atropine strongly decreased the stimulation of insulin

secretion by IL-1b (Figures 1A–1D), suggesting a role for

neuronal transmission in IL-1b-induced insulin release. To further

delineate the involvement of the nervous system in this setting,

we compared pre-injections of two muscarinic acetylcholine-re-

ceptor antagonists that do not cross the blood-brain barrier with

atropine, which penetrates the blood-brain barrier (Virtanen

et al., 1982). In contrast to atropine, ipratropium bromide (no

specificity for muscarinic receptor subtypes [Casarosa et al.,

2009]) (Figures 1E–1H) and darifenacin (a specific muscarinic

M3 receptor antagonist—the subtype also expressed in pancre-

atic islets [Duttaroy et al., 2004; Gautam et al., 2006; Zinner,

2007]) (Figures 1I–1L) were unable to block the IL-1b-induced ef-

fect on insulin secretion, pointing to a central neuronal effect.

Both atropine and ipratropium bromide delayed gastric

emptying, as shown by the pharmacokinetics of paracetamol

absorption, indicating that the compounds and doses used in

our study were effective (Figure S1A). Next, we compared the ef-

fect of i.p. versus intracerebroventricular (i.c.v.) administration of

IL-1b. Mice that received IL-1b injections prior to the GTT directly

into the cerebrospinal fluid reacted the same way as their i.p. in-

jected counterparts, significantly improving glucose tolerance

(Figures 1M–1P). Of note, when assessing serum IL-1b levels

post injection, we found that both i.p. and i.c.v. injected mice

showed significantly more IL-1b than control i.p. or i.c.v. injected

mice (Figure S1B). To confirm that this was indeed through

leakage of IL-1b into the systemic circulation and not via induc-

tion of endogenous IL-1b production in peripheral tissues, we

i.c.v. injected IL-1b into IL-1b whole-body knockout (KO) mice

(Il1b�/�). Il1b�/� mice also had increased systemic IL-1b levels

post i.c.v. injection of IL-1b, confirming leakage of the protein

(Figures S1C–S1E). Further i.c.v. injections with a 10-fold lower

concentration of IL-1b also resulted in elevated IL-1b levels in cir-

culation (Figure S1F). However, mice that were treated with this

10-fold lower dose of IL-1b i.p. did not show altered insulin

secretion or improved glucose tolerance when compared with

control mice (Figures S1G and S1H). Furthermore, mice that

received IL-1b by i.c.v. injection reached their peak of insulin

secretion after 15 min (Figure 1M), whereas the peak of IL-1b

measured systemically in the Il1b�/�mice was 30min after injec-

tion (Figure S1C). This indicates that centrally administered IL-1b

most likely exerts its insulin stimulatory effect before leaking into
992 Cell Metabolism 34, 991–1003, July 5, 2022
the periphery. Overall, these data show that IL-1b-induced insu-

lin secretion requires central muscarinic receptor signaling.

Cephalic phase insulin release is mediated by IL-1b
To better dissect the precise role of neuronal transmission in IL-

1b-induced insulin release, we investigated the neuronally medi-

ated cephalic phase of insulin release. First, we developed a

mouse model to study this phase of insulin secretion (Figure 2A;

Video S1). Mice were fasted overnight and placed into a new

cage containing either a single pellet of the chow they were

accustomed to (cephalic condition) or no food (control condi-

tion). Cephalic-stimulated mice were then allowed to voluntarily

approach the food pellet. Blood was sampled immediately after

the first bite of food. This brief cephalic stimulation was sufficient

to increase circulating insulin concentration (Figure 2B) in the

complete absence of a rise in blood glucose (Figure 2C), con-

firming the validity of the model. To ensure that the observed in-

sulin secretion was dependent on the food stimulus alone and

not on the visual stimulus of a startling object, we repeated ce-

phalic stimulation experiments with a non-edible object, a rubber

stopper the shape and size of a pellet (Chen et al., 2015). In

contrast to the food pellet, the non-edible object failed to in-

crease insulin levels (Figures 2D and 2E). Thus, a realistic food

stimulation is mandatory to elicit cephalic insulin secretion.

Next, we assessed the functional importance of the cephalic

phase stimulation on overall glucose tolerance. Cephalic-pre-

conditioned mice showed increased total insulin release

(Figures 2F and 2G) and improved glucose tolerance

(Figures 2H and 2I) upon oral glucose load—emphasizing the

importance of cephalic phase reflexes for early insulin secretion

and glucose disposal following food intake. Interestingly, the

intravenous administration of a low dose of exogenous insulin

prior to an oral GTT did not result in improved glucose tolerance

( Figures S2A and S2B). This demonstrates the important contri-

bution of cephalic phase reflexes as a whole, rather than ce-

phalic insulin secretion alone, to post-meal glucose homeosta-

sis. We then assessed the importance of IL-1b in the cephalic

phase of insulin secretion. Pre-injection of the IL-1 receptor

type I antagonist IL-1Ra diminished cephalic phase insulin

secretion (Figures 3A and 3B). Since the IL-1 receptor type I is

the receptor for both IL-1b and IL-1a, we also used a neutralizing

antibody specifically against mouse IL-1b (anti-IL-1b). Treatment

with anti-IL-1b also inhibited cephalic phase insulin secretion

(Figures 3C and 3D). Moreover, Il1b�/� mice also showed

reduced insulin levels after cephalic stimulation compared with

wild-type (WT) littermate controls (Figures 3E–3G). Therefore,

the cephalic phase of insulin secretion is mediated by IL-1b.

Cephalic phase IL-1b originates from long-lived
CX3CR1+ myeloid cells
Next, we evaluated the cellular source of IL-1b in cephalic phase

insulin secretion. Following cephalic stimulation, serum IL-1b

levels largely remainedbelow the detection limit (Figure 4A), point-

ing toward local processes in the tissues rather thanasystemicac-

tion of IL-1b. We then assessed whether IL-1b in the cephalic

phaseactswithin the central nervous system (CNS). Todo this, ce-

phalic-stimulated WT mice received injections of IL-1Ra directly

into thecerebral ventricular system.Animals injected i.c.v. showed

reduced cephalic phase insulin release (Figures 4B and 4C). Of



Figure 1. IL-1b-induced insulin secretion requires central muscarinic receptor signaling

(A–L) Male mice received three injections. First (T =�36 min): saline or specific treatment as indicated. Second (T =�18 min): saline or IL-1b (1 mg/kg BW). Third

(T = 0 min) glucose (2 g/kg BW).

(A–D) Measurements during an i.p. GTT in atropine-treated (5 mg/kg BW) mice.

(E–H) Measurements during an i.p. GTT in ipratropium bromide-treated (7.2 mg/kg BW) mice.

(I–L) Measurements during an i.p. GTT in darifenacin-treated (5 mg/kg BW) mice.

(M–P) Measurements during a GTT in female mice that received two injections. First (T = �18 min): saline or IL-1b (1 mg/kg BW) either i.p. or i.c.v. Second i.p.

injection (T= 0 min): glucose (2 g/kg BW).

Data are presented as individualmeasurements (points in B, D, F, H, J, L, N, and P) and arithmetic mean (lines in A, C, E, G, I, K, M, andO; horizontal bars in B, D, F,

H, J, L, N, and P) ± SEM. The p values were calculated by one-way ANOVA and Holm-Sidak post-test. *p < 0.05, **p < 0.01; atr., atropine; Glc, glucose; ipa-br,

ipratropium bromide; darif, darifenacin; AUC, area under the curve.

See also Figure S1.

ll
OPEN ACCESSArticle
note, the dose used in these experiments was half the amount

used for experiments evaluating the effects of i.p. injection of IL-

1Ra in the cephalic phase (Figures 3A and 3B). However, similar
to the IL-1b effect described above, IL-1Ra also leaked into the

systemic circulation (Figure 4D), even at a 10-fold lower dose (Fig-

ure S3A). Therefore, we performed the cephalic phase
Cell Metabolism 34, 991–1003, July 5, 2022 993
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Figure 2. Cephalic phase model
(A) Schematic representation of the cephalic phase experimental model.

(B–I) Animals used in these experiments were female wild-type C57BL/6NCrl mice. The control groups were fasted mice.

(B and C) Measurements after cephalic phase stimulation.

(D and E) Measurement after cephalic phase stimulation with a non-edible object.

(F–I) Measurements during an oral GTT after cephalic phase pre-conditioning. Oral glucose bolus (2 g/kg BW) T = 0 min.

Data are presented as individualmeasurements (points in B–E, G, and I) and arithmeticmean (lines in F andH; horizontal bars in B–E, G, and I) ± SEM. The p values

of (B, C, G, and I) were calculated by Student’s unpaired two-sample t test, and the p values of (D and E) were calculated by one-way ANOVA and Holm-Sidak

post-test. The p values of graphs (F and H) were calculated over all time points of the comparison of control (fasted) and cephalic stimulated by two-way ANOVA

and Holm-Sidak post-test. *p < 0.05, **p < 0.01; ceph., cephalic stimulation; blood TP0, blood sampling at time point 0 min before glucose application; AUC, area

under the curve.

See also Video S1 and Figure S2.
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Figure 3. Cephalic phase insulin release is

mediated by IL-1b

(A–F) Insulin and glucose concentrations following

cephalic phase stimulation. The control groups

were fasted mice. For the number of replicates,

the format n = (control|cephalic) was used.

(A and B) Measurements of female wild-type

C57BL/6NCrl mice i.p. injected with 25 mg/kg BW

recombinant human IL-1Ra or saline 1 h and �20

mins prior to cephalic phase stimulation (= two in-

jections total).

(C and D) Measurements of female wild-type

C57BL/6NCrl mice i.p. injected with 10 mg/kg

BW mouse anti-IL-1b or isotype control 30 min

prior to cephalic phase stimulation.

(E–G) Measurements of female wild-type C57BL/

6NCrl and littermate Il1b�/� mice.

Data are presented as individual measurements

(points) and arithmetic mean (horizontal bars) ±

SEM. The p values were calculated by two-way

ANOVA and Holm-Sidak post-test. *p < 0.05;

WT, wild-type; KO, knockout. The data as shown

in graphs (A and E) analyzed with robust nonlinear

regression model (ROUT,Q = 1%, GraphPad

Prism) to identify and remove outliers (data not

shown) still have significant p values; 0.0459 and

0.0221, respectively.
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experiments in myeloid cell-specific Il1b KO mice (Lyz2-Cre

Il1bfl/fl). Interestingly, these mice showed no impairment in ce-

phalic phase insulin secretion compared with littermate controls

(Figures 4E, 4F, and S3B), arguing against Lyz2-expressing

myeloid cells as a cellular source for cephalic phase IL-1b. Howev-

er, while highly expressed in peripheral tissue macrophages and

monocytes (Böni-Schnetzler et al., 2021), the Lyz2-Cre promoter

shows only about 45% recombination efficiency in microglia

(Goldmann et al., 2013). In support of a central source for IL-1b, re-

feeding ofWTmice induced an increase of Il1b gene expression in

microglia sorted from the whole brain (Figure 4G). Moreover, we

localized this increase in Il1bgeneexpressionspecifically tomicro-

glia in the hypothalamus (Figure 4H). To test whether microglia are

thesourceof IL-1balso in thecephalicphase,weused theCx3cr1-
Cell M
CreERT2Tak1fl/fl (Goldmann et al., 2013)

mouse strain. Cx3cr1 is highly expressed

in microglia, although it targets other pe-

ripheral macrophages and circulating

monocytes as well (Jung et al., 2000).

Due to the longevity of microglia (Ajami

et al., 2007), the induction of Cx3cr1-

CreERT2 with tamoxifen over time restricts

the active Cx3cr1-CreERT2 expression to

microglia, while other shorter-lived

Cx3cr1-expressing cells are continuously

replaced with Cre-inactive precursor cells

(Goldmann et al., 2013). Although this

mousemodel is highly efficient in targeting

microglia and other myeloid cells of the

CNS, it also targets long-lived peripheral

macrophage subsets like islet macro-

phages and liver macrophages, but to a
lesser extent (Figures S3C, S4A, and S4B for gating strategies).

The deletion of Tak1 impairs central inflammatory signaling nodes

like NF-kB and thus leads to the impaired expression of many cy-

tokines, chemokines, and adhesion molecules including IL-1b

(Goldmann et al., 2013). We performed the cephalic phase exper-

iments with Cx3cr1-CreERT2 Tak1fl/fl mice and their Cre-negative

littermate controls. Four weeks post Cre-induction, both male

and female Cx3cr1-CreERT2 Tak1fl/fl mice showed impaired ce-

phalic phase insulin release (Figures 4I, 4J, and S3D). Additionally,

Cx3cr1-CreERT2 Tak1fl/fl mice had similar basal IL-1b levels relative

to their littermate controls (Figure 4K). Next, to more specifically

target IL-1bexpression inmicroglia,wegeneratedCx3cr1-CreERT2

Il1bfl/fl mice. Microglia isolated from Cx3cr1-CreERT2 Il1bfl/fl

mice had significantly reduced Il1b expression compared with
etabolism 34, 991–1003, July 5, 2022 995
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long-lived peripheral islet macrophages (Figure 4L). Basal IL-1b

levels ofCx3cr1-CreERT2 Il1bfl/flmicewere similar to their littermate

controls (Figure 4M). Cx3cr1-CreERT2 Il1bfl/fl mice were subjected

to the cephalic phase experiments eight weeks after Cre-induc-

tion, and both male and female mice exhibited impaired insulin

secretion (Figures 4N, 4O, and S3E). Importantly, tamoxifen-

induced mice expressing only Cx3cr1-CreERT2 did not show

altered cephalic phase insulin response when compared with

Cre-negative littermate controls (Figures S3F–S3H). In summary,

IL-1b originating from long-lived CX3CR1+ myeloid cells controls

the cephalic phase of insulin secretion.
IL-1b regulates neuronal activity in the paraventricular
nucleus of the hypothalamus in response to cephalic
stimulation
To demonstrate the involvement of muscarinic receptor

signaling in our cephalic phasemodel, we treatedmicewith atro-

pine prior to cephalic stimulation and observed impaired ce-

phalic phase insulin release (Figures 5A and 5B). Next, we found

that IL-1b increased basal vagus nerve activity, and this showed

strong synergistic effects with glucose (Figure 5C), indicating

that IL-1b is capable of increasing vagal output both at low

glucose concentrations (as is the case during cephalic stimula-

tion) and in a glucose-dependent manner (as is the case post-

prandially). Then, wemeasured neuronal activity within the para-

ventricular nucleus of the hypothalamus (PVH), the area

postrema (AP), the nucleus tractus solitarius (NTS), and the dor-

sal motor nucleus of the vagus (DMV) via quantification of c-Fos

protein expression. Inhibition of IL-1 signaling with IL-1Ra in-

jected i.c.v. increased c-Fos protein expression upon cephalic

stimulation specifically within the PVH (Figures 5D and 5E), but

not the NTS, AP, or DMV (Figure S5). These data show that IL-

1b stimulates vagal nerve activity in a glucose-dependent

manner and that IL-1 signaling during the cephalic phase limits

neuronal activity in the PVH.
Figure 4. Cephalic phase IL-1b originates from long-lived CX3CR1+ ce

(A) Serum IL-1b concentrations following cephalic stimulation in female wild-typ

commercial test (= dotted line) represent extrapolated data points.

(B, C, E–J, N, and O) The control groups were fasted mice. For the number of re

(B andC)Measurements in female wild-typeC57BL/6NCrlmice that received an i.

stimulation.

(D) Plasma concentrations of human IL-1Ra in female mice 1 h after i.p. or i.c.v.

(E and F) Measurements after cephalic phase stimulation in female Lyz2-Cre Il1b

(G) Relative mRNA expression of FACS-sorted whole-brain microglia of male wil

(H) Relative Il1b mRNA expression of FACS-sorted microglia from different brain

experiment (values were normalized to the control of the corresponding brain re

(I and J) Measurements after cephalic phase stimulation in male and female Cx3c

with tamoxifen.

(K) Fasted serum IL-1b levels of male and female Cx3cr1-CreERT2 Tak1fl/fl and th

(L) Relative Il1b mRNA expression of FACS-sorted microglia and isolated islets

induction with tamoxifen (values were normalized to Cre-negative littermates). Fo

(M) Fasted serum IL-1b levels of male and female Cx3cr1-CreERT2 Il1bfl/fl and the

(N and O) Measurements after cephalic phase stimulation in male and female Cx

Data are presented as individual measurements and arithmetic mean ± SEM. The

test. The p values of (D) were calculated by one-way ANOVA and Holm-Sidak p

ANOVA and Holm-Sidak post-test (B, C, E–G, I, J, L, N, and O) or Fisher’s LSD

intraperitoneal injection; M4, macrophages. The data as shown in graphs (I and N)

(data not shown) still have significant p values; 0.0226 and 0.0018, respectively.

See also Figures S3 and S4.
Cephalic phase insulin secretion is impaired in obesity,
which may be prevented by the inhibition of IL-1b
Since IL-1b signaling is required for normal cephalic phase insu-

lin secretion, we wondered what influence chronic inflammation,

as observed in obesity, would have on this response. First, we

performed a pre-specified secondary analysis of our published

meta-analysis on cephalic phase insulin release in humans (Wie-

demann et al., 2020). This analysis showed that obesity had a

significant negative impact on the effect size of cephalic phase

insulin release (F(df1 = 1, df2 = 75) = 5.40, p = 0.023;

Figures 6A and 6B). Next, we reproduced these human data in

our mouse model and found that cephalic phase insulin release

was abolished after only twoweeks of high-fat diet (HFD) feeding

(Figures 6C and S6A). This impairment of cephalic phase insulin

release in obesity was furthermore accompanied by a loss of the

positive effect of cephalic-preconditioning on glucose tolerance

following a glucose bolus (Figures 6D–6G compared with

Figures 2F–2I). Pre-treatment with a mouse anti-IL-1b antibody

(1 injection weekly over a period of 3 weeks) prevented the

impairment in cephalic phase insulin release upon 3 weeks of

HFD feeding (Figures 6H–6L, S6B, and S6C). This indicates

that a chronic excess of endogenous IL-1b activity due to obesity

dysregulates the cephalic phase of insulin release in humans and

mice, and this can be prevented by IL-1b antagonism.

DISCUSSION

We show that IL-1bmodulated insulin secretion via stimulation of

the parasympathetic nervous system. Accordingly, pharmacolog-

ical inhibition of parasympathetic nerve transmission inhibited the

stimulation of insulin secretion by IL-1b. Indeed, the application of

IL-1b increased vagus nerve activity, and this effect was potenti-

ated by glucose. This is reminiscent of the enhancement of

glucose-stimulated insulin secretion by IL-1b (Dror et al., 2017).

As vagal fibers express the IL-1 receptor (Goehler et al., 1997),

IL-1b may prime the vagus nerve for glucose stimulation.
lls

e C57BL/6NCrl mice. Sample concentrations below the detection limit of the

plicates, the format n = control|cephalic was used.

c.v. injection of either 25mg/kg BW IL-1Ra or solvent 1 h prior to cephalic phase

injection of 25 mg/kg BW recombinant human IL-1Ra or solvent.
fl/fl and their littermate Il1bfl/fl mice.

d-type C57BL/6NCrl mice following fasting-refeeding experiment.

regions of female wild-type C57BL/6NCrl mice following the fasting-refeeding

gion).

r1-CreERT2 Tak1fl/fl and their littermate Tak1fl/fl mice 4 weeks after the induction

eir littermate Tak1fl/fl mice.

from Cx3cr1-CreERT2 Il1bfl/fl and their littermate Il1bfl/fl mice 8 weeks after the

r the number of replicates, the format n = microglia|islet macrophage was used.

ir littermate Il1bfl/fl mice.

3cr1-CreERT2 Il1bfl/fl and their littermate Il1bfl/fl mice.

p values of (A, K, and M) were calculated by a Student’s unpaired two-sample t

ost-test. The p values of (B, C, E–J, L, N, and O) were calculated by two-way

test (H). *p < 0.05, ***p < 0.001; i.c.v., intracerebroventricular injection; i.p.,

analyzed with ROUT (Q = 1%, GraphPad Prism) to identify and remove outliers
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Figure 5. IL-1b modulates neuronal activity in response to cephalic stimulation

(A and B) Measurements after cephalic phase stimulation in male wild-type C57BL/6NCrl mice. Mice were i.p. injected either with atropine (5 mg/kg) or saline at T

= �20 min. Control group was fasted mice.

(C) Electrophysical measurements of vagus nerve activity in female wild-type C57BL/6NCrl mice following an i.p. injection of either saline or IL-1b (1 mg/kg BW) at

T = �10 min and a second injection of saline or glucose (2 g/kg BW) at T = +5 min.

(D) Representative brain tissue sections stained with DAPI in blue and with anti-c-Fos antibody in red. Female wild-type C57BL/6NCrl mice received one i.c.v.

injection of either 25 mg/kg BW IL-1Ra or solvent 1 h prior to cephalic stimulation.

(E) Quantification of c-Fos-positive cells in the PVH (average per histological section).

Data are presented as individual measurements (points in A–C and E) and arithmetic mean (horizontal bars in A–C and E) ± SEM. For the number of replicates in

(C) the format (n = low|high) glucose was used. For the number of replicates in (E), the format (n = control|cephalic) was used. The p values were calculated by

either Student’s unpaired two-sample t test (C) or one-way ANOVA andHolm-Sidak post-test (A). *p < 0.05, **p < 0.01, ****p < 0.001; PVH, paraventricular nucleus

of the hypothalamus.

See also Figure S5.
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Supporting the role of IL-1b in the neuronal regulation of insulin,

we show that cephalic phase insulin release was modulated by

IL-1bderived fromCX3CR1+myeloid cells. Furthermore, cephalic

phase insulin secretion was impaired in obesity in humans and

mice, and thiswas prevented bychronic inhibition of IL-1b inmice.
998 Cell Metabolism 34, 991–1003, July 5, 2022
The cellular source of IL-1b modulating the cephalic phase of

insulin secretion ismost likelymicroglia or other CNS-associated

macrophages. Equivalently, feeding increased Il1b gene expres-

sion specifically in hypothalamic microglia. Moreover, the injec-

tion of IL-1Ra directly into the cerebrospinal fluid of WT mice
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reduced cephalic phase insulin release even at half the dose of

comparable i.p. injections. However, we saw that i.c.v. injected

IL-1Ra and IL-1b leaked into the systemic circulation, and there-

fore, the central effects might be partly diluted by peripheral ef-

fects of IL-1. Arguing against such peripheral IL-1b effects upon

i.c.v. injection are the unchanged circulating insulin levels after

treatment with a 10-fold lower dose of IL-1b given i.p. and the

lack of a rise in systemic IL-1b levels upon cephalic stimulation.

This suggests that the source of IL-1b in the cephalic phase is in

close contact with its neuronal target cells. Further supporting a

central role of IL-1b in cephalic phase insulin secretion is the fact

that i.c.v. injected IL-1b stimulated peripheral insulin secretion

before escaping to the systemic circulation. Cephalic stimulation

was absent when IL-1b was ablated in Cx3cr1- but not Lyz2-ex-

pressing cells. While the Lyz2-Cre model only targets about 45%

of microglia (Goldmann et al., 2013), we saw a robust knock-

down of IL-1b expression (75%) in the microglia of Cx3cr1-

CreERT2 Il1bfl/flmice. Additionally, only 16%of islet macrophages

expressed yellow fluorescent protein (YFP) in Cx3cr1-Cre re-

porter mice, and YFP expression in immune cells isolated from

all other tissues was negligible. These data strongly suggest

that microglia are the source of IL-1b relevant for cephalic phase

insulin secretion.

Interestingly, central but not peripheral muscarinic blockade

reduced the IL-1b stimulatory effect on insulin secretion. This

suggests that muscarinic receptors expressed on pancreatic is-

lets are not involved in the stimulatory effects of IL-1b on insulin

secretion.

Since cephalic phase insulin release is a rapid physiological

response to food stimuli, reaching its peak already 2–3 min af-

ter food exposure (Berthoud et al., 1980), it would require

quick signaling cascades. We hypothesize that microglia

promptly release preformed vesicles of IL-1b upon cephalic

stimulation as it has been described in response to environ-

mental signals such as ATP (Fassbender et al., 2000; Monif

et al., 2016). Indeed, a similar rapid response to sensory

food stimulus has been observed in the agouti-related peptide

neurons of the arcuate nucleus (Chen et al., 2015). Alterna-

tively, IL-1b may act as a tonic signal in which a certain level

of IL-1b is required for proper signaling of the cephalic phase

neuronal circuitry.
Figure 6. Cephalic phase insulin secretion is impaired in obesity, whic

(A) Forest plot of the meta-analysis assessing studies of cephalic phase inulin r

deviation of control and cephalic insulin values (mIU/L) for each trial population a

(B) Boxplot of standardized effect size estimates for the groups described in (A).

(C) Circulating insulin concentration following cephalic stimulation in female wild-t

mice were either presented with a regular CHOW or HFD pellet.

(D–G) Measurements after cephalic stimulation in female wild-type C57BL/6NCrl

glucose bolus (2 g/kg BW).

(H) Schematic representation of HFD feeding with mouse anti-IL-1b treatment.

(I and J) Measurements after cephalic stimulation in female wild-type C57BL/6N

(K and L) Measurements after cephalic stimulation in female wild-type C57BL/6N

control. For the number of replicates, the format n = control|cephalic was used.

Data are presented as individual measurements (points in C, E, G, and I–L), overa

values were calculated by Student’s unpaired two-sample t test in (E), (G), (I), and

test. p values for (K) and (L) were calculated by two-way ANOVA and Holm-Sidak p

ceph., cephalic phase stimulation; blood TP0, blood sampling at time point 0 m

difference; CI, confidence interval; RE, random-effects; p val, p value; Q, Cochra

See also Figure S6.
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Previous reports on disturbed cephalic phase insulin response

in obese human individuals are conflicting (Johnson and Wild-

man, 1983; Lieverse et al., 1994; Morricone et al., 2000; Osuna

et al., 1986; Parra-Covarrubias et al., 1971; Rodin, 1978; Simon

et al., 1986; Sjöström et al., 1980; Teff et al., 1993). Teff et al. sug-

gested that these differing observations might be reconciled by

the fact that obese individuals show higher baseline insulin

values than controls, and our data support this line of argumen-

tation. Baseline insulin values from the studies assessing obese

individuals included in our meta-analysis were twice as high as in

the lean group (mean ± 95%CI—lean: 8.07 ± 1.23 mIU/L, obese:

16.67 ± 5.63 mIU/L), and we saw a significant reduction in ce-

phalic phase insulin release effect size when comparing studies

assessing lean with studies assessing obese populations. Of

note, standardized mean differences already correct for both

the baseline and variance of a study by design (Deeks

et al., 2019).

Our mouse experiments further support this line of reasoning.

Cephalic phase insulin release in mice was impaired after

2 weeks of HFD feeding. This was characterized by basal hyper-

insulinemia and failure to further increase insulin secretion upon

cephalic stimulation. In light of the chronic low-grade inflamma-

tion present in obesity (Carstensen et al., 2010; Herder and Brun-

ner, 2009; Larsen et al., 2007; Meier et al., 2002; Spranger et al.,

2003), this may reflect a chronic neuronal stimulation of insulin.

Congruently, obesity is associated with hypothalamic inflamma-

tion characterized by the accumulation of microglia and the

expression of proinflammatory cytokines including IL-1b (De

Souza et al., 2005; Milanski et al., 2009; Thaler et al., 2012).

Accordingly, anti-IL-1b-therapy enabled HFD-fed mice to further

increase insulin release upon cephalic stimulation. Therefore,

our data support the notion that the impairment of cephalic

phase responses upon HFD feeding is an IL-1b-dependent

mechanism and indicate a causal role for IL-1b in the dysregula-

tion of autonomic neuronal responses in obesity.

In summary, our findings attribute a regulatory role to IL-1b in

the integration of nutrient-derived sensory information, subse-

quent neuronally mediated insulin secretion, and the dysregula-

tion of autonomic cephalic phase responses in obesity. This

identifies a neuro-immunologic endocrine circuit in the regulation

of insulin secretion.
h may be prevented by the inhibition of IL-1b

elease with ‘‘lean’’ versus ‘‘obese’’ trial populations. The mean and standard

re listed.

The point size increases with sampling variance.

ype C57BL/6NCrl mice after 2 weeks of HFD feeding. For cephalic stimulation,

mice fed HFD for 8 weeks and then cephalic stimulated (or not) prior to an oral

Crl before HFD feeding.

Crl after 3 weeks of HFD feeding and mouse anti-IL-1b treatment or isotype

ll arithmetic mean (lines in D and F, horizontal bars in C, E, G, and I–L) ± SEM. p

(J). p values of (C) were calculated by one-way ANOVA and Holm-Sidak post-

ost-test. *p < 0.05, ***p < 0.001; AUC, area under the curve; HFD, high-fat diet;

in before glucose gavage; SD, standard deviation, SMD, standardized mean

ne Q; df, degrees of freedom; p, p value; I2, Higgins and Thomsons’ I.
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Limitations of the study
We demonstrated that IL-1b induces insulin secretion via the

stimulation of parasympathetic nerves. However, it is likely that

additional pathways are involved, since the insulin-stimulating

effect of IL-1b was only partially blocked by muscarinic inhibi-

tion. It is conceivable that IL-1b may also exert direct effects

on b cells (Böni-Schnetzler and Meier, 2019). Furthermore,

although we were able to narrow down the source of IL-1b to

CX3CR1+ cells of the CNS, the precise mechanisms coupling

IL-1b to rapid neuronal activation remain to be explored. In this

context, the observed changes in c-Fos expression levels during

cephalic stimulation in various regions of the hypothalamus do

not allow precise mapping of the neurons involved in the

signaling cascade leading to insulin secretion.
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M.Y. (2020). Evidence for cephalic phase insulin release in humans: a system-

atic review and meta-analysis. Appetite 155, 104792.

Zinner, N. (2007). Darifenacin: a muscarinic M3-selective receptor antagonist

for the treatment of overactive bladder. Expert Opin. Pharmacother. 8,

511–523.
Cell Metabolism 34, 991–1003, July 5, 2022 1003

http://refhub.elsevier.com/S1550-4131(22)00221-2/sref46
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref46
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref47
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref47
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref47
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref48
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref48
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref48
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref49
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref49
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref49
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref50
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref50
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref51
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref51
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref52
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref52
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref53
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref54
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref54
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref54
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref55
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref55
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref55
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref56
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref56
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref57
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref57
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref57
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref57
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref57
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref58
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref58
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref58
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref59
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref59
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref60
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref60
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref61
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref61
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref61
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref61
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref62
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref62
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref62
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref63
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref63
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref63
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref64
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref64
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref64
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref64
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref65
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref65
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref65
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref66
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref66
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref66
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref67
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref67
http://refhub.elsevier.com/S1550-4131(22)00221-2/sref67


ll
OPEN ACCESS Article
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-mouse CD16/CD32 [clone 93] Thermo Fisher Scientific Cat#14-0161-85; RRID: AB_467134

APC anti-mouse CD45 [clone 30-F11] Thermo Fisher Scientific Cat#17-0451-83; RRID: AB_469392

PE anti-mouse CD11b [clone M1/70] Thermo Fisher Scientific Cat#12-0112-81; RRID: AB_465546

APC anti-mouse CD115 [clone AFS98] Thermo Fisher Scientific Cat#17-1152-82; RRID:AB_1210789

PerCP-Cyanine5.5 anti-mouse Ly6C [clone HK1.4] Thermo Fisher Scientific Cat#45-5932-82; RRID:AB_2723343

APC-Cy7 anti-mouse Ly6G [clone 1A8] BioLegend Cat#127624; RRID:AB_10640819

PE-Cy5 anti-mouse MHC-II [clone M5/114.15.2] BioLegend Cat#107612; RRID:AB_313327

APC-Fire750 anti-mouse Ly6G [clone 1A8] BioLegend Cat#127651; RRID:AB_2616732

Super Bright 600 anti-mouse CD45 [clone 30-F11] Thermo Fisher Scientific Cat#63-0451-82; RRID:AB_2637149

APC anti-mouse P2RY12 [clone S16007D] BioLegend Cat#848006; RRID:AB_2721469

PE anti-mouse CD206 [clone MR6F3] Thermo Fisher Scientific Cat#12-2061-82; RRID:AB_2637422

PE-Texas Red anti-mouse CD11b [clone M1/70.15] Thermo Fisher Scientific Cat#RM2817; RRID:AB_10373548

APC-Cy7 anti-mouse CD3e [clone 145-2C11] BioLegend Cat#100330; RRID:AB_1877170

PE-Cy7 anti-mouse B220 [clone RA3-682] Thermo Fisher Scientific Cat#25-0452-82; RRID:AB_469627

PE anti-mouse CD4 [clone GK1.5] Thermo Fisher Scientific Cat#12-0041-81; RRID:AB_465505

APC anti-mouse CD8a [clone 53-6.7] Thermo Fisher Scientific Cat#17-0081-81; RRID:AB_469334

c-Fos (9F6) Rabbit mouse antibody Cell Signaling Technology Cat#2250; RRID:AB_2247211

Alexa Fluor� 488 AffiniPure Goat Anti-Rabbit IgG (H+L) Jackson Immuno Research Labs Cat#111-545-144; RRID:AB_2338052

Cy�3 AffiniPure Goat Anti-Rabbit IgG (H+L) Jackson Immuno Research Labs Cat#111-165-144; RRID:AB_2338006

Chemicals, peptides, and recombinant proteins

Trypsin GIBCO Cat#154000-054

LPS-SM Ultrapure, Purified lipopolysaccharide

from Salmonella minnesota R595 - TLR4 ligand

InvivoGen Cat#tlrl-smlps

Collagenase type 4 Worthington Cat#CLS-4

DNA-binding dye DAPI BioLegend Cat#422801

0.5% Trypsin-EDTA (x10) Thermo Fisher Scientific Cat#15400054

Bovine Serum Albumin (Fatty acid

free – Low endotoxin)

Sigma-Aldrich Cat#A8806

Anakinra (Kineret�), recombinant human

IL-1ra; 100 mg/0.67ml

Swedish Orphan Biovitrum AB N/A

recombinant Mouse IL-1b/IL-1F2 R&D Cat#401-ML-025

atropine sulfate salt monohydrate Sigma Cat#A0257-5G

ipratropium bromide monohydrate Sigma Cat#I1637-250MG

darifenacin hydrobromide Sigma Cat#SML-1102-50MG

murine anti-IL-1b antibody Novartis Cat#BSUR05, Cat#BSUR01

Critical commercial assays

Mouse/rat insulin kit Meso Scale Discovery Cat#K152BZC

V-plex mouse IL-1b kit Meso Scale Discovery Cat#K152QPD-1

V-PLEX Human IL-1Ra individual assay kit Meso Scale Discovery Cat#K151WTD

Paracetamol Three Reagent System Cambridge Life Sciences Ltd Cat#K8002

Nucleo Spin RNA II Kit Machery Nagel Cat#740955.250

GoScript Reverse Transcription Mix

using Random Primers

Promega Cat#A2801

GoTaq qPCR Master Mix Promega Cat#A600A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

GoTaq Probe qPCR Master Mix Promega Cat#A6102

Experimental Models: Organisms/Strains

C57BL/6NCrl Mus musculus in-house breeding

(originated from

Charles River Germany)

MGI:2683688; Strain

Code 027; RRID:IMSR_CRL:027

Il1b�/� (B6;Il1b/N) Dror et al., 2017 N/A

Lyz2Cre-Il1bfl/fl (B6.Cg-Lyz2/N x B6-IL1b/N) Dror et al., 2017 N/A

Cx3cr1CreER-Tak1fl/fl (B6.Cg-Cx3cr1/J x B6.Cg-Map3k7/J) Goldmann et al., 2013 N/A

Cx3cr1CreER-EYFP (B6.129X1-Gt(ROSA)26Sor/

J x B6.Cg-Cx3cr1/J)

Goldmann et al., 2013 EYFP: The Jackson Laboratory

stock #006148, Cx3cr1CreER: NA

Cx3cr1CreER-Il1bfl/fl (B6.Cg-Cx3cr1<tm2.1(cre/ERT2)Jung> x

B6-Il1b<tm1Boe>/N)

in-house breeding N/A

Oligonucleotides

Actb Thermo Fisher Scientific Cat#PN4351370; TaqMan

Assay ID: Mm00607939_s1

Gapdh Thermo Fisher Scientific Cat#PN4351370; TaqMan

Assay ID: Mm99999915_g1

Il1b Thermo Fisher Scientific Cat#PN4351370; TaqMan

Assay ID: Mm0043228_m1

Tnf Thermo Fisher Scientific Cat#PN4351370; TaqMan

Assay ID: Mm00443258_m1

Il1b FW: GCAACTGTTCCTGAACTCAACT; Il1b REV:

ATCTTTTGGGGTCCGTCAACT

Microsynth N/A

18S FW: CTCAACACGGGAAACCTCAC; 18S REV:

CGCTCCACCAACTAAGAACG

Microsynth N/A

Ccnb2 FW: TTCTGGTGCTTGTCTCACTGA; B2 REV:

CAGTATGTTCGGCTTCCCATTC

Microsynth N/A

Ppia FW: GAGCTGTTTGCAGACAAAGTTC;

Ppia REV: CCCTGGCACATGAATCCTGG

Microsynth N/A

Software and algorithms

Prism 8 Graphpad Prism https://www.graphpad.com;

RRID: SCR_002798

FlowJo 10.6.1 software Tree Star https://www.flowjo.com/

solutions/flowjo/downloads;

RRID:SCR_008520

R (version 3.6.0) www.r-project.org N/A

Other

mouse chow Kliba Nafag Cat#3436.EX.F12

high-fat diet ssniff Spezialit€aten,

Soest, Germany

Cat#EF D12492 (I)

mod. 60 kJ% fat [Lard]
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sophia

Wiedemann (sophia.j.wiedemann@gmail.com)

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request. Raw data used to generate graphs are included

in Data S1.
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e3
d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Male and female wild-type mice (C57BL/6NCrl), Il1b�/� (B6N.B6-Il1b<tm1Boe>) and Lyz2-Cre Il1bfl/fl (B6N.Cg-Lyz2<tm1(cre)Ifo>)

(Dror et al., 2017) were obtained from our in-house breeding and kept on a pure C57BL/6NCrl genetic background.

Male and female Cx3cr1-CreERT2 Tak1fl/fl (B6.Cg-Cx3cr1<tm2.1(cre/ERT2)Jung> x B6.Cg-Map3k7<tm1Aki>) (Goldmann et al.,

2013) were kindly donated by Andrew Pospisilik (Max Planck Institute of Immunobiology and Epigenetics Freiburg) and kept on a

C57BL/6J genetic background. To generate the Cx3cr1-CreERT2 EYFP line, B6N.129X1-Gt(ROSA)26Sor<tm1(EYFP)Cos> mice

(JAX stock #006148; (Srinivas et al., 2001)) were crossed to B6.Cg-Cx3cr1<tm2.1(cre/ERT2)Jung> and kept on a C57BL/6J

genetic background. To generate Cx3Cr1-CreERT2Il1bfl/fl (B6.Cg-Cx3cr1<tm2.1(cre/ERT2)Jung> x B6-Il1b<tm1Boe>/N) mice

Cx3Cr1-CreERT2 mice were backcrossed onto a C57BL/6NCrl genetic background (>10 generations) and crossed with Il1bfl/fl

mice. For induction of Cre recombinase mice were treated with 125 mg/kg tamoxifen (#T5648, Sigma) dissolved in ethanol and

corn oil (#C8267, Merck) and orally gavaged at two time points 48 h apart. For all experiments involving conditional knock-out

mice, littermate controls carrying the respective loxP-flanked alleles, but not Cre-recombinase, were used as controls.

Mice for vagus nerve activity measurements were housed at the animal facility of the University of Paris, France. All othermicewere

housed at the SPF animal facility of the University Hospital of Basel, Switzerland under temperature-controlled conditions, in a room

with a 12 h light and 12 h dark cycle with free access to chow (#3436.EX.F12, Kliba Nafag) and water, unless indicated otherwise.

All mice were between 7- and 14-weeks-old at the start of experiments, unless indicated otherwise. Littermate mice were weight-,

sex- and age-matched between experimental groups, but otherwise randomly assigned to treatments. At least three independent

cohorts were pooled. Experiments were performed on the same time of day to minimize differences in experimental conditions be-

tween cohorts. Whenever possible studies were done in a crossover design with a 7-day or more rest period between experiments.

All animal experiments were approved by the Swiss or French authorities and conducted according to local institutional guidelines

and the Swiss animal welfare act. Wherever possible, each cage includedmice receiving all treatments in order to avoid cage-depen-

dent effects. For experiment-specific deviating housing conditions, food, husbandry and body weights, see the specific figure

legends.

METHOD DETAILS

Cephalic phase experiments
Mice were fasted overnight for 14 h (6 p.m. to 8 a.m.; free access to water). Mice were then placed into a new cage with fresh bedding

that was either otherwise empty (control condition) or contained a single food pellet of the chow they were accustomed to (cephalic

condition). For the non-edible condition, a rubber stopper the size and shape of a single food pellet was placed into the new cage.

Cephalic-stimulated mice were then allowed to voluntarily approach the food pellet. Blood was sampled immediately after the first

bite of food. Control and non-edible-stimulatedmicewere left in the new cage for a timematching the time it took cephalic-stimulated

mice to bite the food pellet. As a representative example a video of the procedure is provided (Video S1). For the timing of the behavior

protocol see Figure 2A and for the dose of injected compounds, as well as the specific mouse-strains used, see the corresponding

figure legends.

Glucose tolerance tests
Mice were fasted for 6 h (8 a.m. – 2 p.m.). At T=0 (2 p.m.), glucose was either injected intra-peritoneally (ipGTT) or administered by

gavage (oGTT) at a final dose of 2g/kg of body weight. Cephalic-stimulated and exogenous insulin-treated oGTT mice were fasted

overnight for 14 h (6 p.m to 8 a.m with free access to water). For insulin and glucose measurements, tail-vein blood was collected at

the indicated timepoints. Blood glucose levels were determined using a glucometer (FreeStyle, Abbott Diabetes Care Inc.). For the

timing and dose of other experiment-specific injected compounds please see the corresponding figure legends.

Fasting-refeeding experiments
Mice were fasted (free access to water) overnight for 12h (6 p.m. - 6 a.m.). At 6 a.m., mice were either kept fasted for an additional 2 h

(control condition) or refed for 2 h (refed condition), and were immediately sacrificed for organ collection. Fasting and refeeding, as

well as subsequent organ collection were conducted at the same time of day (8 a.m – 10 a.m) to minimize circadian-cycle-mediated

fluctuations of circulating IL1b.

High-fat diet feeding experiments
Female wild-type C57BL/6NCrl micewere fed a high-fat diet (D12492, ssniff Spezialit€aten, Soest, Germany; 60% fat =HFD condition)

for up to 8 weeks. For repeated anti-IL-1b injection experiments, mice either received three i.p injections of anti-IL-1b or isotype con-

trol over three weeks while on HFD. The first injection of anti-IL-1b (15mg/kg) was given at the start of HFD feeding. The subsequent
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second (15mg/kg) and third (7.5mg/kg) injections were given in weekly intervals. Before HFD-feeding and anti-IL-1b (or isotype con-

trol) administration, a cephalic phase experiment was performed with the mice to have the baseline measurements. After HFD-

feeding and anti-IL-1b (or isotype control) administration the same mice were exhibited to a cephalic phase experiment (see

Figure 6H).

Basal IL-1beta protein measurements
Mice were fasted for 6 h (8 a.m. – 2 p.m.) with free access to water. At 2 p.m. tail blood was collected for serum IL-1b protein mea-

surements (detailed under Protein measurement assays).

Intracerebroventricular cannula implantation
10- to 13-week-old female wild-type C57BL/6NCrl and Il1b�/� mice were injected with ketamine/xylazine in saline (ketamine 65mg/

kg body weight; Ketamin Labatec, Labatec Pharma SA; xylazine 12mg/kg body weight; Xylazin Streuli ad us. Vet., Streuli Pharma

AG). Next, viscotears (Lacrinorm, Bausch & Lomb Swiss AG) were applied to the mice’s eyes to prevent them from desiccation

and the top of the skull was shaved. The mice were then fixed to the stereotactic frame (Kopf) and the skin was opened to expose

the skull. The periosteum was removed with acetone and a burr hole was placed at x: -0.7mm; y:-1.3mm from bregma. Next, the

guide cannula (stainless steel with a plastic pedestal, Bilaney consultants, cat#: C315GS-5/SP) was implanted at (x: -0.7mm;

y:-1.3mm; z=-1.85mm (Franklin and Paxinos, 2019)), thereby targeting the lateral ventricle. Cyanoacrylate glue was used to provi-

sionally hold the guide cannula in place. Then dental acrylic cement (Paladur, Kulzer) was built up around the cannula to definitely

fix it in place. Postoperative analgesia was performed by a one-time i.p. injection of Buprenorphine (0.1mg/kg body weight; Bupaq

ad us. vet., Streuli Pharma AG) immediately after surgery. Thereafter, Buprenorphin continued to be provided in the drinking water

(0.3mg/ml) for a period of 3 days. Henceforth, themice remained single-caged. All micewere allowed to recover for aminimumperiod

of 2 weeks after surgery.

Vagus nerve activity measurements
Firing rate activities were recorded at the level of the thoracic branch of the vagus nerve (parasympathetic) in 5-hour-fasted mice, as

previously described (Magnan et al., 1999). Briefly, mice were anesthetized with isoflurane (Sanofi). The vagus nerve, was dissected

free of the underlying tissues to a distance of approximately 5 mm. The vagus nerve was then covered with paraffin oil to prevent

dehydration and carefully placed on a pair of recording silver wire electrodes (0.6-mm diameter). Electrodes were connected to a

high-impedance probe, and action potentials were displayed and saved on a computer after initial amplification through a low-noise

amplifier (Bio Amp, ADInstruments, Dunedin, NZ). As the recordings weremade on anesthetized animals, theywere placed on a heat-

ed blanket and the rectal temperature was monitored throughout the duration of the experiment.

Unipolar nerve activity was recorded continuously for 10min (baseline) and then 10minutes after a single injection of either saline or

IL1b (T=0, i.p., 1mg/kg body weight) followed by injection of either saline or glucose at T=5 min (i.p., 3 g/kg body weight). Data were

digitized with digitizer PowerLab/4sp. Signals were amplified 105 and filtered at low- and high-frequency cut-offs of 100 and 1,000 Hz

and monitored with the computer program Chart 4 (ADInstruments, Dunedin, NZ).

Histology and c-FOS quantification
For the cephalic phase experiments and sacrifice, wild-type i.c.v.-cannulated C57BL/6NCrl mice were fasted overnight for 14 h (6

p.m. to 8 a.m.). At T-1 h before the cephalic phase experiment (7 a.m.), they received one intracerebroventricular injection of either

IL-1Ra (Kineret�; recombinant human IL-1Ra, Swedish Orphan Biovitrum AB; 25 mg/kg body weight) or solvent (10 mM sodium cit-

rate, 140 mM NaCl, 0.5 mM EDTA, polysorbate 80 at pH 6.5, 150 mg/ml BSA in water). Immediately after the cephalic phase exper-

iment, the mice were sacrificed in a CO2-chamber and transcardially perfused for 1.5 min with 0.1M phosphate buffer (PB) followed

by 4%paraformaldehyde in 0.1MPB (PB-PFA pH 7.4) for 2.5min. Brains were post-fixed overnight in 4%PB-PFA and cryoprotected

overnight in 20% sucrose-0.1 M PB. They were then frozen in hexane on dry ice for 3 min and stored at -80�C. Four series of 25 mm

thick coronal sections across the PVH and the AP/NTS/DMV regions were cut on a cryostat and slide-mounted onto superfrost plus

slides (Life Technologies Europe, Zug). Slides were stored in cryoprotectant (40% PBS-30% glycerol and 30% ethylene glycol) at

-20�C. Brain sections were then processed for c-Fos imaging to quantify the number of activated neurons in the PVN and AP/

NTS/DMV nuclei in response to the different treatments.

For c-FOS immunohistochemistry, blocking was performed in PBS containing 0.4% Triton X and 4% normal goat serum for 2 h at

room temperature. Sections were incubated at 4�C for 48 h with anti-c-Fos primary antibody (1:500, #2250, Cell Signaling Technol-

ogy) and after washing with PBS, they were then incubated with goat anti-rabbit Alexa Fluor 488 (AP/NTS/DMV; 1:200, Jackson Im-

munoresearch) or goat anti-rabbit CY3 (PVH; 1:200, Jackson Immunoresearch) for 2 h at room temperature. Sections were counter-

stained with DAPI (Life Technologies Europe, Zug, Switzerland) and coverslipped with vectashield (Vectorlabs, Servion, Switzerland)

(Coester et al., 2020).

For image analysis, cells expressing c-Fos in the PVH and AP/NTS/DMV were imaged using an L2 Imager upright microscope at

20X magnification (Zeiss, Germany) at similar exposure time. Images were set to the same threshold and c-Fos-positive neurons

were counted using ImageJ (NIH). Three consecutive PVH or AP/NTS/DMV sections from bregma -0.71 to -1.07 and -7.43 to

-7.67 respectively (Paxinos and Franklin, 2012), as verified by DAPI counterstaining, were used for quantification and averaged.
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Primary cell isolation
Mouse peripheral blood mononuclear cells (PBMCs), splenic cells, peritoneal macrophages, colonic macrophages and adipose-tis-

sue macrophages were isolated as described in Brykczynska et al. (2020).

Myeloid cells of the liver were isolated by perfusion of the organwith 4ml collagenase solution through the common bile duct (1.4 g/

l; collagenase type 4; Worthington). The livers were then transferred into 50ml conical tubes containing collagenase solution and

minced into small pieces using scissors. The tubes were incubated shaking for 30 min at 37�C. After incubation, the suspension

was filtered twice. First through cotton gauze to hold back larger pieces and then through a 70-mm cell strainer (#431751, Corning).

The tube containing the filtered cell sample was filled up to 50 ml with FACS buffer (PBS with 0.5%BSA and 5mM EDTA) and centri-

fuged for 3 min at 40 g. The supernatant was transferred into a fresh 50 ml conical tube and the pellet was resuspended again and

filled up to 50ml with FACS buffer and centrifuged for 3min at 30 g. The supernatant was transferred into a clean conical tube and the

pellet was discarded. The two supernatants were centrifuged for 5 min at 350 g. The pellets were resuspended, pooled together and

resuspended in a 37% isotonic Percoll solution (#17-0891-01, GEHealthcare). The 37%Percoll-cell-solution was then layered on top

of a 70% isotonic Percoll solution and centrifuged for 30 min at 500 g using minimal brake. The myeloid-cell containing interphase

was then collected and once again filtered through a 70-mmcell strainer (#431751, Corning), washed and resuspended in FACSbuffer

for further FACS analysis.

Microglia were isolated following a protocol adapted from Brykczynska et al. (2020), with the following change: For mechanical

dissociation, dissection medium (HBSS (GIBCO without CaCl2 and MgCl2) with 15 mM HEPES and 1.3% glucose) rather than

FACS-buffer was used. For knock-out efficiency testing Cx3cr1-CreERT2 Il1bflx mice and their Cre-negative littermates were stimu-

lated with two administrations of LPS before sacrifice; LPS (1mg/kg) i.p injections 24 h and 3 h before sacrifice.

Islet macrophages were isolated and dispersed as described in Dalmas et al. (2017). Pancreata were perfused through the com-

mon bile duct with 2ml of HBSS collagenase solution (GIBCO, 1.4g/l; collagenase type 4; Worthington) and transferred to 50ml tubes

containing the same solution. After incubating in a 37�C water bath for 28 min, samples were homogenized by vigorous shaking and

washed three times with HBSS supplemented with 0.5% BSA. Next, samples were first filtered through a 500mm mesh and then

through an inverted 70mm (#431751, Corning) cell strainer. Islet were retained on the 70mm (#431751, Corning) cell strainer and trans-

ferred to petri dishes containing RPMI-1640 (GIBCO) supplemented with 11.1mM glucose 100 units/ml penicillin, 100mg/ml strepto-

mycin, 2mMGlutamax, 50mg/ml gentamycin, 10mg/ml Fungison and 10%FBS (Invitrogen). Isolated islets were kept in supplemented

RPMI-1640 solution at 37�C and 5%CO2 until further processed. To obtain single cell suspension, islets were gently dispersed with a

0.0125% trypsin-EDTA (GIBCO) solution for 2 min in a 37�C water bath. After washing with cold FACS buffer and centrifuging the

dispersed cells at 300 g, 4�C for 5 min, the cells were recovered in cold FACS buffer.

RNA-extraction and qPCR
We extracted total RNA with the Nucleo Spin RNA II Kit (Machery Nagel). RNA concentrations were then normalized and the RNA

reverse-transcribed with the GoScript Reverse Transcription Mix using Random Primers (#A2801 GoScript, Promega) according

to the manufacturer’s instructions. SYBR Green assays with GoTaq qPCR Master Mix (#A600A, Promega) or TaqMan assays with

GoTaq Probe qPCRMasterMix (#A6102, Promega) were used to determinemRNA expression with the ViiA 7 Real-Time PCRSystem

(ThermoFisher Scientific). Primers for SYBRGreen-based and TaqMan qPCR can be found in the key resources table. The data were

normalized to the geometrical mean of Actb and Gapdh (Figure 4G), 18S or Ccnb2 and Ppia (Figure 4H) or Actb, 18S and Ppia (Fig-

ure 4L) values and analyzed using the comparative 2-DDCT-method.

Flow cytometry
Isolated cells were incubatedwith an anti-mouse CD16/CD32 antibody (clone 93, #14-0161-85, eBioscience) for 15min at room tem-

perature in the dark and subsequently labeled with the panel-appropriate antibodies for 30 min at 4�C in the dark. For islet macro-

phages, peritoneal macrophages, adipose tissue macrophages and colonic macrophages we used: APC anti-mouse CD45 [clone

30-F11] (#17-0451-83, eBioscience), PE anti-mouse CD11b [clone M1/70] (#12-0112-81, eBioscience) and PECy7 anti-mouse F4/

80 [clone BM8] (#25-4801-82, eBioscience). In case of liver macrophages, the same panel as for islet macrophages was used

with the addition of PE-Cy5 anti-mouse MHC-II [clone M5/114.15.2] (#107612, BioLegend). In case of monocytes, the following an-

tibodies were used: APC anti-mouse CD115 [clone AFS98] (#17-1152-82, eBioscience), PerCP-Cyanine5.5 anti-mouse Ly6C [clone

HK1.4] (#45-5932-82, eBioscience) and APC-Cy7 anti-mouse Ly6G [clone 1A8] (#127624, BioLegend). For microglia, we used

PerCP-Cyanine5.5 anti-mouse Ly6C [clone HK1.4] (#45-5932-82, eBioscience), APC-Cy7 anti-mouse Ly6G [clone 1A8] (#127624,

BioLegend) (or an APC-Fire750-conjugated antibody of the same clone (#127651, BioLegend)), Super Bright 600 anti-mouse

CD45 [clone 30-F11] (#63-0451-82, eBioscience), APC anti-mouse P2RY12 [clone S16007D] (#848006, BioLegend), PE anti-mouse

CD206 [cloneMR6F3] (#12-2061-82, eBioscience) and PE-Texas Red anti-mouse CD11b [cloneM1/70.15] (#RM2817, eBioscience).

For splenic as well as peripheral blood B-cells, CD8-T-cells and CD4-T-cells we used the following panel: Super Bright 600 anti-

mouse CD45 [clone 30-F11] (#63-0451-82, eBioscience), APC-Cy7 anti-mouse CD3e [clone 145-2C11] (#100330, BioLegend),

PE-Cy7 anti-mouse B220 [clone RA3-682] (#25-0452, eBioscience) (or an PerCP-eFluor710-conjugated antibody of the same clone

(#46-0452, eBioscience)), PE anti-mouse CD4 [clone GK1.5] (#12-0041-81, eBioscience) and APC anti-mouse CD8a [clone 53-6.7]

(#17-0081-81, eBioscience). Appropriately stained cells were then washed twice with FACS buffer and stained for viability with the

DNA-binding dye DAPI (#422801, BioLegend), before sorting/analyzing of the final cell populations on a BD FACS-Aria III or a Beck-

man Coulter CytoFLEX, respectively. Gating was performed uniquely on the basis of fluorescence minus one (FMO) control. The
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different cellular populations were defined as follows: microglia: DAPI- single CD45intCD11b+P2RY12+CD206-Ly6C-Ly6G-. Of

note, for microglia we first used a simplified panel, where we only identified them on the basis of DAPI- single

CD45intCD11b+Ly6C- (same antibodies as used for the islet macrophage panel above, plus PerCP-Cyanine5.5 anti-mouse Ly6C

[clone HK1.4] (#45-5932-82, eBioscience)). We then repeated these experiments with the more specific panel for better resolution

of the cellular populations in the brain. The results were highly similar and thus pooled for the final graph. Ly6C-high monocytes:

DAPI- single CD115+ Ly6G- Ly6C+. Ly6C-low monocytes: DAPI- single CD115+ Ly6G- Ly6C-. Islet macrophages, peritoneal mac-

rophages, adipose tissue macrophages and colonic macrophages: DAPI- single CD45+ CD11b+ F4/80+. Liver macrophages: DAPI-

single CD45+ CD11b+ MHC-II+. B-cells, CD8-T-cells and CD4-T-cells of the spleen and peripheral blood: DAPI- single CD45+CD3-

B220+, DAPI- single CD45+CD3+B220-CD8+ and DAPI- single CD45+CD3+B220-CD4+ respectively. For representative examples

of the respective gating strategies, please see Figures 4L and S3.

Protein measurement assays
Insulin levels were determined with the mouse/rat insulin kit (#K152BZC-1 Meso Scale Discovery). Mouse IL-1b concentrations were

analyzed using the V-plex mouse IL-1b kit fromMeso Scale Discovery (#K152QPD-1, alternate protocol 1, extended incubation). Hu-

man IL-1Ra measurements were performed using the V-PLEX Human IL-1Ra individual assay kit (#K151WTD, Meso Scale Discov-

ery). Paracetamol measurements were performed with the Paracetamol Three Reagent System (#K8002, Cambridge Life Sci-

ences Ltd).

QUANTIFICATION AND STATISTICAL ANALYSIS

General information
Biostatistics analysis were performed using GraphPad Prism (version 8 and 9) software (GraphPad, Inc, La Jolla, CA). Specific sta-

tistical tests employed, statistical parameters (reported measures of dispersion and summary measures) and numbers of replicates

can be found in the figures and figure legends. Statistical assumptions were tested beforehand and either found to be met or the

statistical test was exchanged for a procedure that better fit the data.

Meta-analysis
The secondary analysis of our recently published meta-analysis (Wiedemann et al., 2020) comparing studies assessing cephalic

phase insulin secretion in lean versus obese individuals, was pre-specified in the PROSPERO protocol (see CRD42019124149).

For the details of the overall meta-analysis, please see the publication (Wiedemann et al., 2020). Using the data extracted in Wiede-

mann et. al., we performed a Random-Effects Meta-analysis of the standardized mean difference across trials with an addedmoder-

ator for the body weight of the study population (lean defined as mean BMI < 30 kg/m2, obese R 30 kg/m2), applying the residual

maximum likelihood method and Hartung-Knapp adjustment. Notably, of the 37 reports (comprising 77 studies) identified by the

meta-analysis, a total of 9 studies described results taken from patient populations with a bmi R 30 kg/m2 (termed obese). Those

9 studies assessed 86 participants in total. The 68 studies describing ‘‘lean’’ patient populations (bmi < 30 kg/m2) assessed a total

of 662 participants.

ADDITIONAL RESOURCES

The secondary analysis of the meta-analysis previously published by Wiedemann et al. (2020) has been pre-registered on

PROSPERO (CRD42019124149). For the details of the pre-specified protocol, please see: ‘‘PROSPERO protocol:https://www.

crd.york.ac.uk/prospero/display_record.php?RecordID=124149’’. For the manuscript of the meta-analysis see: ‘‘meta-analysis:

https://www.sciencedirect.com/science/article/pii/S0195666320300192?via%3Dihub’’.
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