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SUMMARY
Mice lacking amicrobiota are protected fromdiet-induced obesity. Previous studies have shown that feeding a
Western diet causes hypothalamic inflammation, which in turn can lead to leptin resistance and weight gain.
Here, we show thatwild-type (WT)micewith depleted gutmicrobiota, i.e., germ-free (GF) and antibiotic-treated
mice, have elevated levels of glucagon-like peptide-1 (GLP-1), are protected against diet-induced hypothalam-
ic inflammation, and have enhanced leptin sensitivitywhen fed aWestern diet. UsingGLP-1 receptor (GLP-1R)-
deficient mice and pharmacological inhibition of the GLP-1R in WT mice, we demonstrate that intact GLP-1R
signaling is required for preventing hypothalamic inflammation and enhancing leptin sensitivity. Furthermore,
we show that astrocytes express the GLP-1R, and deletion of the receptor in glial fibrillary acidic protein
(GFAP)-expressing cells diminished the antibiotic-induced protection against diet-induced hypothalamic
inflammation. Collectively, our results suggest that depletion of the gut microbiota attenuates diet-induced hy-
pothalamic inflammation and enhances leptin sensitivity via GLP-1R-dependent mechanisms.
INTRODUCTION

Gut microbes metabolize otherwise indigestible complex carbo-

hydrates, generating short-chain fatty acids (SCFAs), which can

be used as energy by the host. Mice lacking a microbiota, i.e.,

germ-free (GF) and antibiotic (Abx)-treated mice, are lean

compared with conventionally raised (CONV-R) mice, partly

due to decreased fermentation and absorption of energy from

the intestine (Bäckhed et al., 2004; Carvajal-Aldaz et al., 2017;

McNeil, 1984). However, GF and Abx-treated mice are also

resistant to diet-induced obesity when fed a Western diet con-

taining low amounts of complex carbohydrates, indicating that

the gut microbiota directly modifies the host’s metabolism

(Bäckhed et al., 2007; Cani et al., 2008; Sonnenburg and

Bäckhed, 2016).

Leptin is a hormone secreted from the adipose tissue in pro-

portion to the amount of fat in the body and can thus communi-

cate the body’s energy stores to the brain (Considine et al., 1996;

Schwartz et al., 2000). It acts in the brain to decrease food intake

and increase energy expenditure, effects that require signal

transducer and activator of transcription 3 (STAT3) signaling

(Bates et al., 2003). GF mice exhibit an enhanced anorexigenic
This is an open access article und
response to leptin compared with CONV-R mice (Schéle et al.,

2013). However, because increased adiposity and elevated

circulating leptin levels can cause leptin resistance (Pan and

Myers, 2018), it remains unclear how GFmice acquire enhanced

leptin sensitivity.

Feeding a Western diet leads to hypothalamic inflammation,

which is characterized by increased expression of inflammatory

mediators, neuronal injury, as well as reactive gliosis, i.e., recruit-

ment, proliferation, and activation of microglia and astrocytes

(Thaler et al., 2012). Hypothalamic inflammation occurs prior to

weight gain (Thaler et al., 2012) and has thus been suggested

to contribute to rather than being a consequence of weight

gain, potentially by causing leptin resistance (Thaler et al.,

2013). Microglia activation has a central role in diet-induced hy-

pothalamic inflammation, and depletion of the microglia from the

mediobasal hypothalamus reduces the inflammation and im-

proves leptin sensitivity (Valdearcos et al., 2014). Intriguingly,

the gut microbiota regulates microglia maturation and function

(Erny et al., 2015), but the mechanism involved remains unclear.

The hormone glucagon-like peptide-1 (GLP-1), which is mainly

produced in the intestinal L cells and in the brainstem (Drucker,

2007), has anti-inflammatory and neuroprotective effects
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(Hölscher, 2014). Microbially produced SCFAs increase GLP-1

plasma levels in rodents via a GPR43-dependent mechanism

(Psichas et al., 2015). However, SCFA deficiency in GF and

Abx-treated mice, which leads to energy-deprived colonocytes

(Donohoe et al., 2012), also increases colonic Gcg expression,

aswell as circulatingGLP-1 levels (Wichmannet al., 2013). Admin-

istration of SCFAs decreasesGcg expression in colon tissue from

GF mice ex vivo, and a high-fat diet normalizes colonic Gcg

expression in GF mice, supporting the idea that the energy avail-

ability regulates colonic Gcg expression (Wichmann et al., 2013).

However, it is unclear whether the circulating levels of GLP-1

remain elevated in high-fat diet-fed GF and Abx-treated mice

and whether gut microbes indirectly modulate microglia function

via GLP-1. Here we determined that the gut microbiota regulates

diet-induced hypothalamic inflammation and leptin sensitivity via

a GLP-1 receptor (GLP-1R)-dependent mechanism.

RESULTS

Mice lacking a microbiota are protected from diet-
induced hypothalamic inflammation
Feeding CONV-R mice a high-fat diet (>40% of calories from fat)

causes hypothalamic inflammation, and such inflammation can

impair leptin signaling leading to weight gain (Thaler et al., 2013;

Valdearcos et al., 2014). Because mice lacking a gut microbiota

are protected from diet-induced obesity, we hypothesized that

these mice are protected against diet-induced hypothalamic

inflammation. We used a short-term high-fat and high-sucrose

Western diet intervention (40% of calories from fat) to determine

differences in the initial inflammatory response and to focus on

the response that could causally contribute to rather than be a

secondary consequence of more pronounced weight gain in

CONV-R mice compared with mice lacking a microbiota.

CONV-R mice fed a Western diet for 1 week developed hypotha-

lamic gliosis with an increased number of glial fibrillary acidic pro-

tein (GFAP)-positive astrocytes and ionized calcium-binding

adapter molecule 1 (Iba1)-positive microglia in the hypothalamic

arcuate nucleus (ARC; Figure S1A) compared with chow-fed

CONV-R mice (Figures 1A–1C). In contrast, we did not observe

increased numbers of GFAP-positive astrocytes and Iba1-posi-

tive microglia in 1-week Western diet-fed GF or Abx-treated

mice (Figures 1A–1C). Furthermore, the microglia in Western

diet-fed mice with depleted gut microbiota exhibited a less acti-
Figure 1. Mice lacking a microbiota are protected from diet-induced h
Conventionally raised (CONV-R), germ-free (GF), and antibiotic (Abx)-treated mic

hypothalamic sections were prepared and stained for the astrocyte marker GFA

(A–C) The number of GFAP- (A and B) and Iba1-positive cells (A and C) were det

(D–I) CONV-R and Abx-treated mice were fed a WD for 4 weeks.

(D–G) Body weight gain, fat mass gain, and numbers of Iba1- and GFAP-positive

(H and I) Correlations between GFAP-positive cells and fat mass (%) and percent

indicate Abx-treated mice.

(J–O) Hypothalamic Tnfa (J–L) and Il1b (M–O) gene expressions were analyzed in C

11 per group). IL, interleukin; TNF-a, tumor necrosis factor alpha.

(P–R) The number of Iba1-positive microglia (P and R) and GFAP-positive astroc

treated with vehicle (Veh), AF12198, or etanercept (n = 6–7 mice per WD-fed gro

*p < 0.05, **p < 0.01, ***p < 0.001 as determined by Mann-Whitney rank test (B–G

presented as mean ± SEM. Each data point in (B), (C), (F), (G), and (J)–(Q) represen

See also Figure S1.
vated morphology with decreased cell body area and increased

cell body circularity compared with Western diet-fed CONV-R

mice (Figures S1B–S1D). Depletion of the gut microbiota after

Abx treatment was confirmed by determining the number of col-

ony-forming units in cecal content fromCONV-R and Abx-treated

mice under anaerobe or aerobe culture (Figures S1E–S1G). More-

over, Abx treatment led to reduced SCFA levels in the cecum (Fig-

ures S1H–S1K), suggesting that the Abx treatment decreased the

fermenting capacity of the gut microbiota. The body weight did

not differ between the CONV-R, Abx-treated, and GF mice (Fig-

ure S1L). However, GF mice fed a Western diet for 1 week gained

less weight compared with CONV-Rmice (Figure S1M). To deter-

minewhether the difference inweight gain could explain the differ-

ence in diet-induced gliosis, we performed further analyses of

CONV-R mice with similar weight gain as GF mice. In this sub-

group of weight gain-matched CONV-R mice, 1 week of feeding

aWestern diet also increased the number of GFAP-positive astro-

cytes and Iba1-positive microglia in ARC (Figures S1N and S1O).

These results suggest thatWestern diet-induced gliosis in CONV-

R mice occurs prior to weight gain, and that the difference be-

tween CONV-R mice and mice lacking a microbiota is not due

to differences in weight gain.

To determine whether hypothalamic gliosis correlateswith diet-

associated increases inbodyweightand fatmass,we fedCONV-R

andAbx-treatedmiceaWesterndiet for 4weeks.ProlongedWest-

ern diet feeding led to greater body weight gain and fat mass in

CONV-R mice compared with Abx-treated mice (Figures 1D and

1E). This was accompanied by increased numbers of GFAP-pos-

itive astrocytes, aswell asbya trendof increasednumbersof Iba1-

positive microglia in ARC from CONV-R compared with Abx-

treated mice (Figures 1F and 1G). There was no correlation be-

tween number of microglia in ARC and changes in body weight

or fat mass at the end of the 4 weeks (data not shown). Although

there was no significant correlation between the number of astro-

cytes, weight gain, or body weight at the end of the 4 weeks, the

number of astrocytes correlated with fat mass, as well as relative

increase in fat mass during the study (Figures 1H and 1I).

To determine whether the diet-induced hypothalamic gliosis

was accompanied by increased inflammatory gene expression,

we analyzed Tnfa, Il1b, and Il6 gene expression in the hypothal-

amus of CONV-R, GF, and Abx-treated mice. Although Tnfa

expression was not altered in Abx-treated mice after 2 days of

feeding a Western diet, it was increased in GF mice and trended
ypothalamic inflammation
e were given 1 week of chow or Western diet (WD). Mice were perfused, and

P and the microglia marker Iba1.

ermined in wild-type (WT) mice. n = 8–17 per group.

cells were determined (n = 10 per group).

increase in fat mass are shown. Open circles indicate CONV-R, and red circles

ONV-R, GF, and Abx-treatedmice given a chow diet or aWD for 2 days (n = 5–

ytes (Q and R) in hypothalamic arcuate nucleus (ARC) from WD-fed WT mice

up).

and J–O), Spearman correlation (H and I), or Kruskal-Wallis test (P–Q). Data are

ts one mouse and the mean of at least two measurements. Scale bar: 100 mm.
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Figure 2. Microbiota deprivation enhances

phosphorylated signal transducers and acti-

vators of transcription 3 (pSTAT3) signaling

upon leptin injection

(A and B) Plasma Lep and insulin levels in body

weight-matched WD-fed CONV-R and Abx-

treated mice (n = 4–5).

(C) pSTAT3 in the ARC was determined upon

vehicle (Veh) or leptin (Lep) injection in CONV-R

and Abx-treated mice fed aWD for 1 week (n = 4–5

per group).

(D) Twenty-four-hour food intake was measured in

response to Lep injections in WD-fed mice treated

with Abx or placebo (n = 6 per group).

(E and F) Lep-induced pSTAT3 signaling was also

determined in CONV-R and GF mice fed a WD for

1 week (n = 5–8 per group).

Scale bar: 100 mm. *p < 0.05, **p < 0.01 as deter-

mined by Mann-Whitney. Data are presented as

mean ± SEM. Each data point in (A)–(D) and (F)

represents onemouse and themean of at least two

measurements.

See also Figure S2.
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higher in CONV-Rmice (Figures 1J–1L). In contrast, hypothalam-

ic Il1b expression was increased in CONV-R and not in GF or

Abx-treated mice after feeding aWestern diet for 2 days (Figures

1M–1O). The levels of Il1b and Tnfa mRNA in CONV-R, GF, or

Abx-treated mice did not differ between chow-fed versus West-

ern diet-fed mice after 1 week (Figures S1P–S1U). Hypothalamic

Il6 expression did not differ in chow- or Western diet-fed CONV-

R mice (data not shown). To determine whether interleukin (IL)-

1b or tumor necrosis factor alpha (TNF-a) is required for the initial

diet-induced hypothalamic inflammation, we treated Western

diet-fed CONV-R mice with vehicle, an interleukin-1 receptor

(IL-1R) antagonist, or a TNF inhibitor. Administration of the TNF

inhibitor etanercept did not affect the number of astrocytes or

microglia compared with vehicle (Figures 1P–1R). The number

of microglia trended lower in AF12198-treated mice compared

with vehicle-treated mice (Figure 1P). These results suggest

that IL-1b could potentially play a role in the initial hypothalamic

inflammatory response to feeding a Western diet. Taken

together, our results indicate that depletion of the microbiota re-

duces Western diet-induced hypothalamic inflammation.

Microbiota deprivation enhances pSTAT3 signaling
upon leptin injection
Because mice lacking a gut microbiota are protected against

diet-induced hypothalamic inflammation, we next determined

whether these mice also exhibit enhanced leptin sensitivity. It

has previously been shown that the gut microbiota suppresses

the anorectic effects of leptin in chow-fed rodents (Schéle

et al., 2013). However, part of this effect can be due to

differences in adiposity and circulating leptin levels. We have

previously shown that GF mice are leaner and have reduced
4 Cell Reports 35, 109163, May 25, 2021
circulating leptin levels compared with

CONV-R mice, which strongly correlated

with adiposity (Bäckhed et al., 2004), sug-

gesting that the reduced leptin levels in

GF mice are a result of reduced fat
mass. In contrast, studies with certain Abx treatments demon-

strated reduced levels of leptin independent of fat mass, sug-

gesting overlapping mechanisms (Wang et al., 2018; Zarrinpar

et al., 2018). Considering that our Abx cocktail and treatment

regimen differs from these studies, we determined the circulating

leptin levels in mice treated with our Abx regimen. Plasma leptin

and insulin levels did not differ in weight-matched CONV-R and

Abx-treated mice (Figures 2A and 2B). To determine whether

mice lacking a gut microbiota have improved leptin sensitivity

that could contribute to the protection against diet-induced

obesity, we studied weight-matched CONV-R, 10-day Abx-

treated, and GF mice fed a Western diet for 1 week (Figure S2A).

A 10-day Abx treatment in CONV-R mice led to increased leptin-

induced phosphorylation of STAT3 (pSTAT3) in the ARC (Figures

2C and S2B), as well as to a slightly enhanced anorexic effect in

response to leptin injection compared with CONV-R mice (Fig-

ure 2D). Average decrease in food intake after leptin injection

trended lower in Abx-treated mice versus CONV-R controls

(35.9% versus 19.9%; p = 0.06; Figure 2D). Similar to the Abx-

treated mice, GF mice exhibited increased pSTAT3 in the ARC

upon leptin injection compared with CONV-R mice (Figures 2E

and 2F). Together, these results indicate that GF and Abx-

treated mice exhibit enhanced leptin sensitivity, and that this ef-

fect is independent of body weight and circulating leptin levels.

Functional GLP-1R signaling is required for the
protection against diet-induced hypothalamic
inflammation and the improved leptin sensitivity in mice
with depleted gut microbiota
GFandAbx-treatedmice have elevated circulating levels of the in-

cretin hormone GLP-1 when fed a chow diet (Wichmann et al.,
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2013; Zarrinpar et al., 2018). Because GLP-1 has anti-inflamma-

tory and neuroprotective effects (Hölscher, 2014), and GLP-1

and leptin signaling isclosely connected (Kanoski et al., 2015;Shir-

azi et al., 2013), we hypothesized that the protection against diet-

induced hypothalamic inflammation and the enhanced leptin

response in mice with depleted gut microbiota are mediated by

GLP-1. To test this hypothesis, we first measured colonic Gcg

expression and GLP-1 concentration in plasma from mice fed a

Western diet for 1 week. Colonic Gcg expression was increased

in chow-fed GF mice compared with CONV-R mice (Figure S3A).

Feeding a Western diet decreased the colonic Gcg expression in

GF mice (p = 0.0061), but it remained slightly elevated compared

with Western diet-fed CONV-R mice (p = 0.016; Figure S3A).

Abx-treated and GF mice had higher circulating levels of GLP-1

compared with CONV-R mice after 1 week of feeding a Western

diet (Figures 3A and 3B). Plasma GLP-1 levels were also elevated

in Abx-treated mice compared with the CONV-R mice after

4 weeks of Western diet feeding (Figure S3B). To determine

whether the microbiota modulates the L cell response to nutrient

stimuli, we measured circulating GLP-1 levels in vena porta from

CONV-R and GFmice before and after an oral glucose challenge.

The circulating GLP-1 levels remained elevated in the GFmice af-

ter the oral glucose challenge (FigureS3C). Furthermore, thecircu-

latingGLP-1 levels in vena porta were higher in fed and 4-h-fasted

GF mice compared with CONV-R mice (Figure S3D), consistent

with previous observations (Wichmann et al., 2013). Altogether,

these results suggest that the microbiota does not acutely modu-

late the L cell response to nutrient stimuli. Next, we treated GLP-

1R-deficient micewith Abx or placebo for 10 days and challenged

themwithaWesterndiet for the last7daysof treatment. Incontrast

with the wild-type (WT) mice, Abx treatment did not protect GLP-

1R-deficient mice from diet-induced hypothalamic gliosis. The

number of Iba1-positive microglia and GFAP-positive astrocytes

increasedafter 1weekofWesterndiet feeding inGLP-1R-deficient

mice (Figures 3C–3F and S3E). Furthermore, in contrast with the

WT mice, Abx treatment in Western diet-fed GLP-1R-deficient

micedid not lead toa lessactivatedmicrogliamorphology (Figures

S3F andS3G).Moreover, short-termadministrationof theGLP-1R

antagonist Exendin 9-39 (Ex9-39) via subcutaneously implanted

osmotic pumps in weight-matched, 1-week Western diet-fed GF
Figure 3. Functional GLP-1 receptor (GLP-1R) signaling is required for

improved leptin sensitivity in mice with depleted gut microbiota

(A and B) GLP-1 was measured in vena cava plasma from CONV-R and Abx-trea

male mice (B; n = 4–5 per group).

(C–F) The numbers of GFAP-positive astrocytes (C and D) and Iba1-positive micro

Abx or placebo were determined (n = 4–9 per group). Scale bars: 100 mm.

(G and H) The numbers of GFAP-positive astrocytes (G) and Iba1-positive microgli

39 (Ex9-39; n = 7–9 per group).

(I and J) The numbers of Iba1- and GFAP-positive cells in ARC were determined in

Ex9-39 (n = 6 mice per group).

(K and L) The number of pSTAT3-positive cells in the ARC upon Lep injection was

with Abx or placebo for 10 days (n = 5–6 mice per Lep-injected group). Scale ba

(M and N) The number of pSTAT3-positive cells in ARC was determined upon Lep

with Veh or Ex9-39 (n = 8–9 mice per group). Scale bar: 100 mm.

(O and P) Plasma GLP-1 and insulin in mice treated with Abx or placebo while a

(Q) Circulating GLP-1 levels in mice injected with saline or Lep (3 mg/kg) 45 min

*p < 0.05, **p < 0.01 as determined by Mann-Whitney rank test (A–H, L, and Q) or

Each data point in (A)–(C), (E), (G), (H)–(J), (L), (M), and (O)–(Q) represents one mo

See also Figure S3.
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WTmice resulted in an increased diet-induced hypothalamic glio-

sis (Figures 3G, 3H, S3H, and S3I). There were no differences in

levels of SCFAs in cecum or levels of GLP-1 in plasma from the

vena cava between the mice administered with Ex9-39 or vehicle

(Figures S3J and S3K). Similar to findings in the GF mice, Ex9-39

administration in Abx-treated mice led to an increased number

of microglia and astrocytes in ARC compared with vehicle admin-

istration (Figures 3I, 3J, S3L, and S3M).

Next, we determined whether Abx treatment improved leptin

sensitivity in GLP-1R-deficient mice. In contrast with the

enhanced leptin responsivity induced by Abx treatment in WT

mice (Figure 2C), Abx treatment inWestern diet-fed GLP-1R-defi-

cient mice did not enhance the leptin response (Figures 3K and

3L). Furthermore, administration of Ex9-39 via subcutaneously im-

planted pumps in weight-matched, 1-week Western diet-fed WT

mice abolished the enhanced leptin response induced by Abx

treatment (Figures 3M, 3N, and S3L). In the Ex9-39-treated

mice, Abx treatment led to an increase in the circulating GLP-1

levels but no change in circulating insulin levels (Figures 3O and

3P). Weight gain and body fat did not differ between the groups

(Figures S3N–S3P), but the cecum was enlarged in both groups

of Abx-treatedmice (Figure S3Q). Because leptin has been shown

to regulateGLP-1 secretion from the intestine in fastedmice (Anini

and Brubaker, 2003), we determined whether leptin exposure

directly increases the circulating GLP-1 levels in our experiment.

Mice were injected with leptin or saline, and circulating GLP-1

levels were measured 45 min after injection. The GLP-1 plasma

levels did not differ between mice injected with saline or leptin,

indicating that short-term leptin exposure in Western diet-fed

mice does not affect the circulating GLP-1 levels (Figure 3Q).

Taken together, these results suggest that deprivation of the gut

microbiota protects against diet-induced hypothalamic inflamma-

tion and enhances the hypothalamic leptin response via GLP-1R-

dependent mechanisms.

Deletion of GLP-1R in GFAP-expressing cells diminishes
Abx-mediated protection against diet-induced
hypothalamic inflammation
To determine whether GLP-1 can act directly on microglia or as-

trocytes in the hypothalamus, we first examined whether
protection against diet-induced hypothalamic inflammation and the

ted C57BL/6J mice (A; n = 6 per group) and in CONV-R and GF Swiss Webster

glia (E and F) in ARC from chow- orWD-fed GLP-1R-deficient mice treated with

a (H) were determined inWD-fed GFmice administrated with Veh or Exendin 9-

WD-fed WT mice treated with Abx or placebo while administrated with Veh or

determined in body weight-matched, WD-fed GLP-1R-deficient mice treated

r: 100 mm.

injection in WD-fed WT mice treated with Abx or placebo while administrated

dministrated with Veh or Ex9-39.

before killing the mice (n = 3).

by Kruskal-Wallis test (I, J, M, O, and P). Data are presented as mean ± SEM.

use and the mean of at least two measurements.
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microglia and astrocytes express GLP-1R. Using CONV-R WT,

GF WT, and CONV-R Glp1r�/� mice, we showed that the GLP-

1R antibody specifically recognizes GLP-1R (Figure S4A). Due

to incompatible antibodies, we used ROSA mTmG reporter

mice bred with mice expressing tamoxifen-inducible Cre under

the Cx3cr1 promoter to determine whether microglia express

GLP-1R. These mice express EGFP in Cre-expressing cells after

tamoxifen injection and thereby mark the microglia, which we

confirmed with immunofluorescence using an antibody against

Iba1 (Figure S4B). Twelve sections from four 1-week Western

diet-fed mice were analyzed, and none of the EGFP-positive mi-

croglia cells expressed GLP-1R (Figure S4C). In contrast, a sub-

set of the hypothalamic astrocytes expressed GLP-1R (Figures

4A–4D and S4D). Glp1r�/� mice were used as a control, and

no GLP-1R staining was observed in hypothalamic astrocytes

in these mice (Figure S4E). To determine whether GLP-1R

signaling in GFAP-expressing cells mediates the anti-inflamma-

tory effects, we generated mice with tamoxifen-induced deletion

of the GLP-1R specifically in GFAP-expressing cells (Gfap-

Glp1r�/�) and confirmed that these mice have reduced

expression of GLP-1R in the astrocytes upon tamoxifen injec-

tions (Figures 4E and S4F). In contrast, the total number of

GLP-1R-positive cells in ARC did not differ between the WT

and mutant mice (Figure 4F). To further validate the functional

response of GLP-1R deletion in astrocytes, we injected 12-h

fasted chow-fed WT and Gfap-Glp1r�/� mice with vehicle or

the GLP-1R agonist Exendin-4 (Ex4). Using a confocal micro-

scope, we detected c-fos immunoreactivity in a majority of the

astrocytes in ARC from Ex4-injected WT mice (Figure S4G).

Although Ex4 injection led to an increased percent of GFAP-pos-

itive astrocytes that were positive for c-fos compared with

vehicle injection in WT mice, this response was diminished in

Gfap-Glp1r�/� mice (Figures 4G and S4H), consistent with func-

tional depletion of GLP-1R in astrocytes. To determine whether

GLP-1R signaling in GFAP-expressing cells mediates the anti-in-

flammatory effect of Abx treatment, we treated Gfap-Glp1r�/�

and control mice with placebo or Abx while fed a Western diet.

Abx treatment protected WT mice from Western diet-induced

hypothalamic gliosis (Figures 4H and 4I). In contrast, deletion

of GLP-1R in GFAP-positive cells diminished the effects of Abx

on both astrocytes and microglia. Moreover, although Abx treat-

ment inWTmice led to less activatedmicroglia morphology, Abx

treatment did not change the morphology of the microglia in the

Gfap-Glp1r�/� mice (Figures 4J and 4K). Together, these results

suggest that GLP-1 can act on astrocytes to decrease the early

diet-induced hypothalamic inflammation.

DISCUSSION

In this study, we showed that the gut microbiota modulates diet-

induced hypothalamic inflammation and leptin sensitivity via a

GLP-1R-dependent mechanism. We demonstrated that West-

ern diet-fed GF and Abx-treated WT mice are protected against

diet-induced hypothalamic inflammation and have enhanced

response to leptin compared with CONV-R mice, effects that

are abolished in GLP-1R-deficient mice. Furthermore, we show

that astrocytes express the GLP-1R, and that deletion of the re-

ceptor specifically in GFAP-expressing cells diminishes the Abx-
mediated protection against diet-induced hypothalamic gliosis.

These effects may contribute to protecting GF and Abx-treated

mice against diet-induced obesity.

Microglia are the macrophages of the brain and orchestrate

the inflammatory process and neuronal stress in response to

saturated fatty acids in the hypothalamus (Valdearcos et al.,

2014). The gut microbiota is crucial for microglia maturation

and activation (Erny et al., 2015). GF and 4-week Abx-treated

mice exhibit immature microglia, indicating that the microglia

need continuous stimulation from the gut microbiota to remain

mature. Administration of SCFAs to GF mice via drinking water

restores the immature microglia phenotype (Erny et al., 2015).

However, the signaling pathway(s) linking microbes and micro-

glia is not established. Notably, GF and Abx-treated mice have

high circulating levels of GLP-1, and SCFA stimulation of the

proximal colon from GF mice leads to decreased Gcg expres-

sion (Wichmann et al., 2013). Our results show that mice lacking

a microbiota are protected against diet-induced hypothalamic

microgliosis via a GLP-1R-dependent mechanism. Collectively,

these finding suggest that the gut microbes modulate microglia

maturation and activation in part via GLP-1R signaling.

We observed an early upregulation of hypothalamic Il1b and

Tnfa gene expression in CONV-R mice in response to feeding

a Western diet. Unexpectedly, this upregulation was transient,

and hypothalamic Il1b and Tnfa expression after 1 and 4 weeks

of feeding a Western diet did not differ from the chow-fed mice.

Previous studies have shown a similar expression pattern (Bau-

feld et al., 2016), suggesting that these inflammatory mediators

have amore important role in the early than in the later inflamma-

tory response. This is supported by the well-known role of IL-1

and TNF-a in the acute phase of inflammation (Lawrence et al.,

2002). The body’s natural response to resolve inflammation, by

production of anti-inflammatory mediators (Lawrence et al.,

2002), could potentially lead to the decreased hypothalamic

Il1b and Tnfa expression observed at the 1- and 4-week time

points compared with after 2 days of Western diet feeding.

This is supported by results showing that prolonged exposure

to a high-fat diet leads to increased anti-inflammatory gene

expression in the hypothalamus (Baufeld et al., 2016).

GLP-1 is derived from the proglucagon (Gcg) gene in the

gastrointestinal tract and in the brain and is post-translationally

modified and cleaved into the biologically active forms, GLP-1

(7-36) amide and GLP-1 (7-37) (M€uller et al., 2019). Active

GLP-1 is quickly degraded by the enzyme dipeptidyl peptidase

4 (DPP-4) when entering the circulation, with a half-life of less

than 2 min (M€uller et al., 2019). It has therefore been questioned

whether circulatingGLP-1 reaches the brain or if most of the cen-

tral effects of GLP-1 are mediated by GLP-1 produced in the

brain or peripheral GLP-1 acting on vagal afferents in the lamina

propria or enteric nerves in the intestinal wall. Previous studies

suggest that only a small portion of GLP-1 escapes degradation

by DPP-4 and by the liver (M€uller et al., 2019), which is supported

by our active GLP-1 measurements in the vena cava. The

observed plasma GLP-1 levels in the vena cava are approxi-

mately 10% of the concentration in the vena porta (Wichmann

et al., 2013). A previous study used subdiaphragmatic vagal

deafferentations to determine the role of the vagal afferents in

mediating the effects of GLP-1. Although vagotomy attenuated
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Figure 4. Deletion of GLP-1R in GFAP-expressing cells diminishes Abx-mediated protection against diet-induced hypothalamic inflam-

mation

(A–D) Hypothalamic sections fromWTmice were stained using GLP-1R andGFAP antibodies. Co-localization between the astrocytic marker GFAP and the GLP-

1R was observed in the hypothalamus.

(B–D) Panels represent inserts in (A). Scale bar: 100 mm.

(E) Mice expressing floxed Glp-1r were bred with mice expressing tamoxifen-induced Cre under the Gfap promoter. Percent of GFAP-positive astrocytes in WT

and Gfap-Glp1r�/� mice that express GLP-1R after tamoxifen injection was measured (n = 12–16 per group).

(F) Numbers of GFAP-negative/GLP-1R-positive cells were determined per hemi-ARC (n = 12–16 per group).

(G) Ex4-induced c-fos in ARC from WT and Gfap-Glp1r�/� mice (n = 5–6 per group).

(H and I) Gfap-Glp1r�/� and WT mice were given a WD for 1 week while treated with Abx or placebo. The numbers of GFAP-positive astrocytes (H) and Iba1-

positive microglia (I) were determined in the arcuate nucleus (n = 7–14 per group).

(J and K) Microglia morphology was measured.

*p < 0.05, **p < 0.01 as determined byMann-Whitney rank test (E, F, and H–K) or by Kruskal-Wallis test (G). Data are presented asmean ±SEM. Each data point in

(E)–(K) represents one mouse and the mean of at least two measurements.

See also Figure S4.
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the GLP-1-mediated effects on meal size when GLP-1 was

administrated via the intraperitoneal route, vagotomy had no ef-

fect when GLP-1 was infused into the hepatic portal vein
8 Cell Reports 35, 109163, May 25, 2021
(R€uttimann et al., 2009), suggesting that intravenous GLP-1

does not require afferent nerves to exert its effects on food

intake. The arcuate nucleus is uniquely localized next to the
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median eminence, a circumventricular organ, and several

studies have shown that the arcuate nucleus of the hypothala-

mus lacks a complete blood-brain barrier (Langlet et al., 2013;

Mullier et al., 2010; Olofsson et al., 2013; Yulyaningsih et al.,

2017). Cells located in this region readily respond to circulating

substances including hormones (Olofsson et al., 2013), suggest-

ing that GLP-1 that escapes degradation can easily access this

region. Altogether, these studies suggest that GLP-1 can act

directly on some cells in the mediobasal hypothalamus.

Previous studies have found that microglia and astrocytes can

express the GLP-1R (Lee et al., 2018; Timper et al., 2020), sug-

gesting that GLP-1 can exert a direct anti-inflammatory effect

on these cells in the brain. In contrast, we observed GLP-1R

expression only in astrocytes and not in microglia within the hy-

pothalamus. Using RNAscope-based in situ hybridization, as

well as assessment of fluorescently labeled GLP-1R agonist up-

take, a recent study revealed site-specific expression of GLP-1R

in astrocytes. Astrocytes in hypothalamic ARC and paraventric-

ular nucleus (PVN) expressed the receptor, while there was no

GLP-1R expression detectable in astrocytes in the nucleus ac-

cumbens (Timper et al., 2020). Using a protocol similar to that

used in this study to specifically delete GLP-1R in GFAP-ex-

pressing astrocytes in adult mice, they showed that approxi-

mately 35% of the GFAP-positive cells in ARC from WT mice

had visible uptake of fluorescence-labeled GLP-1R agonist,

and tamoxifen-induced deletion of the GLP-1R in GFAP-ex-

pressing cells reduced this number to just less than 10% (Timper

et al., 2020). Consistent with these findings, we found that 29%

of the GFAP-positive cells in ARC from WT mice were also pos-

itive for GLP-1R, while this number was only 12% in mice with

specific deletion of GLP-1R in GFAP-positive cells. Moreover,

Timper et al. (2020) found that GLP-1R signaling is required for

maintaining mitochondrial integrity and function in hypothalamic

astrocytes, and depleting GLP-1R signaling in these cells

induced a cellular stress response. Our current results indicate

that GLP-1R signaling in astrocytes mediates at least some of

the anti-inflammatory effects mediated by GLP-1. In line with

our results, several previous studies suggest that GLP-1 and

GLP-1R agonists have anti-inflammatory properties and neuro-

protective effects, and that GLP-1 can be beneficial in many

different diseases characterized by excess inflammation

(Hölscher, 2014; Quarta et al., 2017). GLP-1R agonists have

been shown to decrease the number of activated microglia in

mouse models of diet-induced obesity, stroke, Alzheimer’s dis-

ease, and Parkinson’s disease (Barreto-Vianna et al., 2016;

Gao et al., 2014; Kim et al., 2009; McClean et al., 2010; Teramoto

et al., 2011; Yun et al., 2018). This study focused only on short-

term effects of GLP-1R signaling on diet-induced hypothalamic

inflammation and leptin sensitivity. Thus, future studies are

needed to address the long-term effects of GLP-1R signaling

on diet-induced hypothalamic inflammation and its metabolic

consequences. Future studies are also needed to determine

the role of astrocytic GLP-1R signaling in modulating these

long-term effects and leptin sensitivity.

Previous results suggest that GF mice are more sensitive to

leptin comparedwith CONV-Rmice (Schéle et al., 2013). Howev-

er, these effects could be because of a reduced body weight in

GF mice. Our results suggest that leptin-induced pSTAT3
signaling is enhanced in mice lacking a microbiota independent

of body weight and circulating leptin levels. In line with previous

studies (Shirazi et al., 2013), we show an interaction between hy-

pothalamic leptin and GLP-1 signaling. We demonstrated that

Abx treatment in Western diet-fed WT mice, but not in GLP-

1R-deficient mice, improved leptin-induced pSTAT3 signaling

in the ARC. Previous studies indicate that leptin can stimulate

GLP-1 secretion from the intestinal L cells (Anini and Brubaker,

2003). However, short-term administration of leptin did not in-

crease the circulating GLP-1 levels, suggesting that the

enhanced leptin-induced pSTAT3 signaling, induced by Abx

treatment in this study, is not likely due to leptin-induced GLP-

1 secretion.

In concordance with previous results, we found that the Gcg

expression in the proximal colon was decreased in GFmice after

feeding a Western diet (Wichmann et al., 2013). However, in

contrast with the colonic Gcg expression, the circulating levels

of GLP-1 remained elevated in 1- and 4-week Western diet-fed

microbiota-depleted mice compared with CONV-R mice, sug-

gesting that either the majority of the circulating GLP-1 does

not originate from the proximal colon, the secreted levels may

be disconnected from RNA expression, or a longer period of

high-fat feeding is necessary to reduce the circulating GLP-1

levels.

The microbial regulation of intestinal GLP-1 secretion is

increasingly complex. Colonic depletion of the microbially pro-

duced SCFAs, as well as colonic stimulation using SCFAs, in-

crease the circulating GLP-1 levels (Psichas et al., 2015; Wich-

mann et al., 2013). SCFAs are associated with beneficial

metabolic effects (Canfora et al., 2015), and reduced abundance

of certain SCFA-producing microbes is associated with meta-

bolic disorders, such as type 2 diabetes (Karlsson et al., 2013;

Qin et al., 2012; Wu et al., 2020). Furthermore, mice given a

high-fat diet supplemented with SCFAs (i.e., acetate, propio-

nate, or butyrate) exhibit increased energy expenditure and

reduced weight gain compared with mice given a comparable

high-fat diet without supplementation (den Besten et al.,

2015a). Our data, together with previous studies (den Besten

et al., 2015a, 2015b), suggest that at least part of this protection

against diet-induced obesity is due to GLP-1’s effects on leptin

sensitivity. Taken together, some of the beneficial effects of

SCFAs may indirectly reflect a GLP-1R-mediated reduction in

hypothalamic inflammation and improvement in leptin

sensitivity.

In conclusion, we show that the gut microbiota can modulate

hypothalamic inflammation and leptin sensitivity, findings that

require a functional GLP-1R. Thus, an intervention targeting

the gut microbiota-GLP-1 axis might be used to modulate this

system and reduce the hypothalamic inflammatory response to

nutrient excess.
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Bäckhed, F., Ding, H., Wang, T., Hooper, L.V., Koh, G.Y., Nagy, A., Semenko-

vich, C.F., andGordon, J.I. (2004). The gut microbiota as an environmental fac-

tor that regulates fat storage. Proc. Natl. Acad. Sci. USA 101, 15718–15723.
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Antibodies

GFAP antibody, goat Abcam RRID AB_880202: ab53554

Iba1 antibody, rabbit Wako RRID AB_839504: Cat# 019-19741

Cfos antibody, rabbit Santa Cruz RRID AB_2106783: Cat# sc-52

(discontinued 2016)

Phospho-stat-3 (tyr705) antibody Cell signaling RRID AB_331586: Cat# 9131

GLP-1R antibody Abcam RRID AB_2864762: Cat# 218532

AlexaFluor donkey anti-goat IgG 488 Thermo Fisher Scientific RRID AB_2866497: Cat# a32814TR

AlexaFluor donkey anti-goat IgG 594 Thermo Fisher Scientific RRID AB_2534105: Cat# A-11058

AlexaFluor donkey anti-rabbit IgG 594 Thermo Fisher Scientific RRID AB_141637: Cat# a-21207

AlexaFluor donkey anti-rabbit IgG 488 Thermo Fisher Scientific RRID AB_2535792: Cat# a-21206

Hoechst 33342 Thermo Fisher Scientific Cat# H1399

Chemicals, peptides, and recombinant proteins

QIAzol Lysis Reagent QIAGEN CAS N/A: Cat# 79306

SYBR Green Master Mix Buffer Bio-Rad CAS N/A: Cat# 1708887

DPPIV-inhibitor Sigma CAS: N/A: Cat# DPP4-010

Aprotinin Merck CAS: 9087-70-1: Cat# 616399 /A6279

Leptin Peprotech CAS: N/A: Cat# 450-31

Exendin (9-39) Bachem CAS: 133514-43-9: Cat# H-8740

Exendin 4 Sigma CAS: 141758-74-9: Cat# E7144

Etanercept Merck CAS: 185243-69-0: Cat# Y0002042

AF12198 Tocris CAS: 185413-30-3: Cat# 1793

Tamoxifen Merck CAS: 10540-29-1: Cat# T5648

ampicillin Merck CAS: 69-52-3: Cat# A9518

neomycin Merck CAS: 1405-10-3: Cat# N6386

Critical commercial assays

Mouse Metabolic Kit Meso Scale Discovery RRID N/A: Cat# K15124C

Total GLP-1 (ver.2) Kit Meso Scale Discovery RRID AB_2801383: Cat# K150JVC

High Capacity cDNA Reverse

Transcription Kit

Applied Biosystems, Thermo

Fisher Scientific

RRID N/A: Cat# 4368813

RNeasy mini Kit QIAGEN RRID N/A: Cat# 74106

Experimental models: Organisms/strains

C57BL/6J N/A N/A

Cx3cr1CreER: B6.129P2(Cg)-

Cx3cr1tm2.1(cre/ERT2)Litt/WganJ

The Jackson Laboratory IMSR Cat# JAX:021160,

RRID:IMSR_JAX:021160

GCE: B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J The Jackson Laboratory IMSR Cat# JAX:012849,

RRID:IMSR_JAX:012849

ROSA mTmG mice: B6.129(Cg)-Gt(ROSA)

26Sortm4(ACTB-tdTomato,-EGFP)Luo/J

The Jackson Laboratory IMSR Cat# JAX:007676,

RRID:IMSR_JAX:007676

Glp-1r�/� Dr. Daniel Drucker N/A

Glp1rflox/flox Dr. Randy Seeley N/A

Oligonucleotides

Il1b-F GGGCCTCAAAGGAAAGAATC This paper N/A

Il1b-R TACCAGTTGGGGAACTCTGC This paper N/A

Il6-F TCCTACCCCAATTTCCAATG Molinaro et al., 2017 N/A

(Continued on next page)
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Il6-R GGTTTGCCGAGTAGATCTCAA Molinaro et al., 2017 N/A

TNFa-F CCAGACCCTCACACTCA Molinaro et al., 2017 N/A

TNFa-R CACTTGGTGGTTTGCTACGAC Molinaro et al., 2017 N/A

L32-F CCTCTGGTGAAGCCCAAGATC Molinaro et al., 2017 N/A

L32-R TCTGGGTTTCCGCCAGTTT Molinaro et al., 2017 N/A

Software and algorithms

GraphPad Prism 7/8/9 GraphPad Software Latest version 8.3.0

ImageJ https://imagej.nih.gov/ij/

Other

Irradiated Western Diet, 40% kcal fat Envigo Cat# TD09683

chow diet (Autoclaved mouse breeder diet) Labdiet #5021

Alzet Osmotic Minipumps ALZET, model 2002, Agnthos Cat# 0000296

CFX96 Real-Time System Bio-Rad

PhenoMaster TSE Systems

MRI EchoMRI
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Lead contact
For further information and requests for resources and reagents please reach out to the lead contact, Louise Olofsson (Louise.

Olofsson@wlab.gu.se).

Materials availability
This study did not generate new unique reagents.

Data and Code Availability
This study did not generate or use any datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All experiments were approved by the ethical committee at the University of Gothenburg. Mice were housed in a room with a 12-h

light-dark cycle with free access to water and food. C57BL/6J male mice (10-13 weeks old) were used in the experiments unless

otherwise stated. GF mice were maintained in flexible film isolators and the GF status was monitored regularly by PCR for bacterial

16S ribosomal RNA.Mice lacking GLP-1R have previously been described and characterized (Scrocchi et al., 1996). Mice expressing

tamoxifen-induced Cre under the Cx3cr1 promoter (B6.129P2(Cg)-Cx3cr1tm2.1(cre/ERT2)Litt/WganJ) or the Gfap promoter (B6.Cg-

Tg(GFAP-cre/ERT2)505Fmv/J) were purchased from The Jackson Laboratory (Bar Harbor, ME) and have previously been character-

ized (Appel et al., 2018; Ganat et al., 2006). These tamoxifen-inducible Cremice were bred withGlp1rflox/flox mice (Wilson-Pérez et al.,

2013) or ROSA mTmG reporter mice (B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J). To induce Cre expression, mutant

mice were injected with tamoxifen (100 mg/kg; T5648, Merck, Darmstadt, Germany) intraperitoneal (i.p.) once a day for five consec-

utive days. Tamoxifen was dissolved in a solution containing 5% ethanol and 95% peanut oil (Merck). Controls were injected with

either tamoxifen or vehicle. Since there was no difference in gliosis between the tamoxifen and vehicle injected mice, these two

groups were combined. Mice were either fed autoclaved chow diet (Labdiet, St. Louis, MO) or irradiated Western diet (40% kcal

fat, TD09683, Envigo, Huntingdon, UK). Western diet was given for 2 days, 1 week or 4 weeks as indicated. Table S1 gives a detailed

overview of the animal experiments performed.

METHOD DETAILS

Antibiotic treatment
Mice were treated with antibiotics according to a protocol previously described (Cani et al., 2008). Briefly, 1 g/l ampicillin (A9518,

Merck) and 0.5 g/l neomycin (N6386,Merck) were added to the drinking water in light protected bottles. New solutions were prepared
e2 Cell Reports 35, 109163, May 25, 2021
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every second day. Depletion of microbes after antibiotic treatment was confirmed (Figures S1E–S1K). In experiments when mice

were given both antibiotic treatment and aWestern diet, the antibiotic treatment started three days before changing to aWestern diet.

Colony forming units counts
LyBHI was prepared as described previously (Sokol et al., 2008). Cecum content was dissolved in LyBHI broth and dilution series

were plated on LyBHI Agar plates (20 g agar/l). Plates were incubated overnight under anaerobe (Coy chamber Laboratory products

Inc., filled with 85%N2, 10%CO2 and 5%H2, incubator at 37
�C,) or aerobe conditions (incubator at 30�C), and the number of colony

forming units was determined.

Bacterial staining
Cecum content was dissolved in LyBHI, incubated overnight under anaerobe conditions as described above, and stained for gram-

negative bacteria. Broth were placed on microscope slides and dried. Slides were then incubated for 20 s in 0.5% Crystal Violet,

washedwithMilliQwater, incubated for 20 s in 0.5% iodine solution, washedwith 99.5%EtOH, incubated for 20 swith 0.5%Safranin,

washed with MilliQ water and dried. Pictures were taken using a Zeiss Microscope (Zeiss, Oberkochen, Germany).

SCFA measurements
SCFA were measured using GC-MS as described previously (Wichmann et al., 2013). Briefly, approximately 100mg of cecal content

was mixed with internal standards, added to glass vials and freeze-dried. Samples were acidified with HCl, and SCFAs were ex-

tracted with two rounds of diethyl ether extraction. The organic supernatant was collected, the derivatization agent N-tert-butyldi-

methylsilyl-N-methyltrifluoroace-tamide (Merck) was added, and samples were incubated overnight. SCFAs were quantified with

a gas chromatograph (Agilent 7890A, Agilent Technologies, Santa Clara, CA) coupled to amass spectrometer (Agilent 5975C, Agilent

Technologies).

Administration of agonist and antagonists
For Exendin (9-39) administration, 10- to 11-week-old C57BL/6J micemaintained on a chow diet (Labdiet) were lightly anaesthetized

with isoflurane and ALZET osmotic minipumps (ALZET model 2002, Durect, Cupertino, CA) were implanted subcutaneously. The

pumps delivered Exendin (9-39) (Bachem, Bubendorf, Switzerland), a GLP-1R antagonist, at a rate of 50 nmol/kg/day or vehicle

(0.9% saline) for two weeks. Three days after the osmotic minipump implantation, two groups of CONV-R mice received antibiotic

treatment in the drinking water ad libitum. Fresh antibiotics were prepared every other day until the end of the experiment. Six days

after the osmotic minipump implantation, chow diet was replaced with irradiated Western diet for one week.

For Ex4 administration, chow-fed WT and Gfap-Glp1r �/� female mice were fasted for 12 hours before being killed. Ex4 (10 mg/kg)

or vehicle was injected 2 hours before the mice were perfused with PFA.

For AF12198 and Etanercept administration, 10- to 12-weeks-old C57BL/6J mice were given a Western diet for one week while

injected with 0.5 mg/kg AF12198 (1793, Tocris. Bristol, UK) or 1.5 mg/kg Etanercept (Y0002042, Merck) once a day for five consec-

utive days starting at the day of diet switch. Since the ARC has an incomplete blood-brain barrier and cells in this brain region readily

sense substances in the blood (Olofsson et al., 2013), we administrated AF12198 and Etanercept by i.p. injections.

Immunofluorescence
Mice were perfused with 4% (wt/vol) paraformaldehyde (PFA) in PBS. Brains were dissected, postfixed in 4%PFA and transferred to

30% (wt/vol) sucrose in PBS overnight at 4�C. Part of the brain, containing the hypothalamus, was embedded in OCT (Histolab, Goth-

enburg, Sweden), frozen and kept in �80�C until sectioned. Brains were sectioned in 10 mm thick coronal sections using a cryostat.

For staining of Iba1 and GFAP, sections containing the ARC were incubated sequentially for 10 min each in 0.3% (wt/vol) glycine

solution and 0.3% (wt/vol) SDS solution. Sections were blocked in 10% donkey serum for 1 h at room temperature, incubated

with primary antibodies against Iba1 (dilution 1:500, 019-19741, Wako Pure Chemicals, Richmond, VA) or GFAP (dilution 1:500,

ab53554, Abcam, Cambridge, UK) overnight at 4�C, washed in PBS-tween, and incubated with secondary donkey anti-goat or

donkey anti-rabbit antibodies (AlexaFluor, Invitrogen, Waltham, MA) for 1 h at room temperature. For c-fos and GFAP co-staining

as well as pSTAT3 staining, sections containing the ARC were incubated sequentially for 10 min each in 1% NaOH/1% H2O2,

0.3% (wt/vol) glycine and 0.3% (wt/vol) SDS. Sections were blocked in 10% donkey serum for 1 h at room temperature, incubated

with primary antibodies against c-fos (dilution 1:500, sc-52, Santa Cruz Biotechnology, Dallas, TX), GFAP (dilution 1:500, 13-0300,

Thermo Fisher Scientific, Waltham, MA) or pSTAT3 (dilution 1:200, 9131, Cell signaling Technology, Danvers, MA) overnight at 4�C,
washed in PBS-tween, and incubated with a secondary donkey anti-rat or donkey anti-rabbit antibody (AlexaFluor, Invitrogen) for 1 h.

For GLP-1R and GFAP co-staining, hypothalamic sections were washed in PBS-tween, and incubated for 1 hour at room temper-

ature with blocking solution (2% BSA, 0.1% Triton-X). Sections were incubated with primary antibodies against GLP-1R (dilution

1:500, ab218532, Abcam) and GFAP (dilution 1:500, ab53554, Abcam) overnight at 4�C, washed in PBS-tween and incubated

with secondary donkey-anti-rabbit and donkey-anti-goat antibodies (AlexaFluor, Invitrogen). Hoechst solution (dilution 1:10000,

H1399, Thermo Fisher Scientific) was used to visualize cell nuclei. Fluorescence images were captured using Zeiss Axioplan 2 im-

aging system equipped with an AxioCam digital camera HRc using the program Axio Vision 4.8.2.0 (Zeiss). The positive cells in the

ARC (Bregma �2.15 to �2.03) were counted blinded and expressed as an average per coronal section (10 mm thick).
Cell Reports 35, 109163, May 25, 2021 e3
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GLP-1, leptin and insulin measurements
Mice were fasted for 4 h before plasma collection unless otherwise stated. During the plasma collection, which occurred during the

afternoon, DPP-4 inhibitor (DPP4-010, Merck) and Aprotinin (616399-100KU, Merck) were added to both the syringes and the EDTA-

containing plasma collection tubes (Sarstedt, N€umbrecht, Germany). Plasma GLP-1 from vena cava or vena porta was measured

using Active GLP-1 (ver. 2) Assay Kit (Meso Scale Discovery; Rockville, MD) according to themanufacture’s recommendation. Leptin

and insulin were measured in plasma using the mouse metabolic kit (Meso Scale Discovery) according to the manufacture’s

recommendation.

Gene expression analysis
Food was removed from the cages in the morning and tissues were harvested from the mice after a 4-h-fast. RNA was isolated using

QIAzol reagent (QIAGEN, Hilden, Germany) and RNeasy mini kit with DNase I treatment (QIAGEN). The samples were homogenized

using 5 mm steel beads and a TissueLyser (QIAGEN). RNA (0.5 mg) was reverse transcribed to cDNA using the High Capacity cDNA

Reverse Transcription Kit (Applied Biosystems, Waltham, MA) according to the manufacturer’s manual. 25 mL qRT-PCR reactions

were prepared containing 1 3 SYBR Green Master Mix buffer (Bio-Rad, Hercules, CA) and 900 nM specific primers targeting the

gene of interest or 300 nM directed against the reference gene L32. Primer sequences for Tnfa, Il6 and L32 has previously been

described (Molinaro et al., 2017). The primer sequences for Il1b were GGGCCTCAAAGGAAAGAATC and TACCAGTTGGGGA

ACTCTGC. The mRNA levels were analyzed using the CFX96 Real-Time System (Bio-Rad, Hercules, CA). Il1b, Tnfa and Il6 gene

expression were normalized to the expression level of the ribosomal protein L32 using the DDCTmethod and analyzed by calculating

the relative gene expression.

Body composition analysis and leptin sensitivity test
Lean and fat masswere determined usingMRI (EchoMRI, Houston, TX) according to themanufacturer’s recommendation.Micewere

i.p. injected with either leptin (3mg/kg, PeproTech, Rocky Hill, NJ) or vehicle 45min before being perfused with PBS followed by PFA.

The number of pSTAT3-positive cells in the ARC was determined in response to leptin injection. To determine leptin’s anorexic ef-

fects, food intake was analyzed in metabolic cages (PhenoMaster, TSE Systems, Bad Homburg, Germany). The mice were single

housed for at least 2 days before transferring them to the metabolic cages, and allowed an additional 24 h to acclimatize to the

new cage before taking measurements. The mice were injected with saline or leptin (3 mg/kg) just before the dark cycle started

and the 24-hour food intake wasmeasured in mice with free access to water andWestern diet. Eachmouse served as its own control

and food intake was expressed as percent food intake after leptin injection compared to after saline injection within the samemouse.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Data are presented as mean ± SEM. Each data point in the figures represent data from one mouse, and shows the mean of at least

two replicates for all data except body weight, cecum weight and SCFA analyses. Statistical differences were tested with two-sided

Mann-Whitney test, or a Kruskal-Wallis test with Dunn’s Multiple Comparison Post-Test as indicated in the figure legends. Statistical

analysis was performed using GraphPad Prism 7.
e4 Cell Reports 35, 109163, May 25, 2021
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Figure S1. Mice lacking a microbiota are protected from diet-induced hypothalamic 

inflammation. Related to Figure 1.  

Position of the arcuate nucleus in the brain (A). Figure shows sagittal and coronal views of the 

brain, as well as Hoechst nuclear staining in hypothalamus (inserted). Arcuate nucleus is 

marked by a dashed white line. CONV-R, GF and antibiotic-treated mice were fed a chow or 

a Western diet for one week. Hypothalamic Iba1-positive microglia morphology was analyzed 

(B-D). Scale bar: 25 µm. Each data point represents the mean cell body area and circularity of 

all the Iba1-positive microglia from one mouse detected in the arcuate nucleus from 10-μm 

thick hypothalamic section. n=8-18 mice per group. Depletion of the gut microbiota after 

antibiotic treatment was confirmed by growing cecum content from CONV-R and antibiotic-

treated mice under anaerobe (E-F) or aerobe conditions (G). n=4 mice per group. SCFAs were 

analyzed in cecum from CONV-R and antibiotic-treated mice (H-K). Panel K shows the sum 

of acetate, propionate and butyrate levels. n=8-18 mice per group. Body weight and weight 

gain were determined in chow-fed and 1-week Western diet-fed CONV-R, antibiotic-treated 

and GF mice (L-M). The number of GFAP-positive astrocytes (N) and Iba1-positive 

microglia (O) in the hypothalamic arcuate nucleus was determined in weight gain-matched 

mice. n=5-13 mice per group. Hypothalamic Tnfα (P-R) and Il1b (S-U) gene expression were 

analyzed in CONV-R, GF and antibiotic-treated mice given a chow diet or a Western diet. 

Each data point in the graph represent data from one mouse, and shows the mean of two 

replicates. n=5-11 mice per group. All graphs show mean ± SEM. *, P<0.05, **, P<0.01 and 

***, P<0.001 as determined by Kruskal-Wallis Test in B-C, L-M, P and S or by Mann-

Whitney rank test in F-K, N-O, Q-R and T-U. CONV-R, conventionally raised mice; GF, 

germ-free; Abx, antibiotics.  

 



30

40

10

0

20

Bo
dy

w
ei

gh
t(

g)

A

Veh Lep
CONV-R

Veh Lep
Abx

Veh Lep
GF

B

B

pSTAT3 Hoechst Merged

pSTAT3 Hoechst Merged

C
O

N
V-

R
, l

ep
tin

Ab
x,

 le
pt

in



Figure S2. Microbiota deprivation enhances pSTAT3 signaling upon leptin injection. 

Related to Figure 2. 

CONV-R, antibiotic-treated and GF mice were fed a Western diet for one week and injected 

with either vehicle or leptin (3 mg/kg) 45 minutes before perfusion. Body weight was 

measured at the end of the experiment (A). n=4-8 mice per group. Graph shows mean ± SEM. 

Differences between the groups were tested using Kruskal-Wallis. Representative pictures of 

pSTAT3 staining in the ARC upon leptin injection in CONV-R and antibiotic-treated mice 

fed a Western diet for one week (B). Scale bar: 100 µm. CONV-R, conventionally raised 

mice; GF, germ-free; Abx, antibiotics; Veh, vehicle; Lep, leptin.  
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Figure S3. Functional GLP-1 receptor signaling is required for the protection against 

diet-induced hypothalamic inflammation and the improved leptin sensitivity in mice 

with depleted gut microbiota. Related to Figure 3. 

(A) Colonic Gcg expression in CONV-R and GF Swiss Webster mice fed chow or Western 

diet. n= 4-7 per group. Each data point in the graph represents data from one mouse, and 

shows the mean of two measurements. (B) Plasma GLP-1 in CONV-R and antibiotic-treated 

mice after 4 weeks of Western diet feeding. n= 10 mice per group. (C) Plasma GLP-1 before 

and 15 and 30 minutes after an oral glucose challenge (3g D-glucose/kg body weight). n= 5-7 

mice per group. (D) Plasma GLP-1 levels in fed and fasted CONV-R and GF mice. n= 4-5 

mice per group. All plasma GLP-1 levels were measured in duplicates. (E) Body weight in 

chow- and Western diet-fed CONV-R and antibiotic-treated GLP-1R-deficient mice (n=4-8 

per group). Microglia cell body area (F) and circularity (G) in CONV-R and antibiotic-treated 

GLP-1R-deficient mice. Each data point represents the mean cell body area and circularity of 

all the Iba1-positive microglia from one mouse detected in the arcuate nucleus from 10-μm 

thick hypothalamic section (n=4-9 per group). (H-K) Osmotic pumps, that delivered vehicle 

or Ex9-39 (50 nmol/kg/day), were implanted subcutaneously in GF mice. n=7-9 mice per 

group. Body weight was measured at the end of the experiment (H). Representative pictures 

of Iba1 and GFAP staining in vehicle and Ex9-39 administrated mice (I). Scale bar: 100 µm. 

Total SCFA (J) and circulating GLP-1 levels (K) were determined at the end of the 

experiment. Panel K shows the mean of two measurements. (L-Q) Osmotic pumps, that 

delivered vehicle or Ex9-39 (50 nmol/kg/day), were implanted subcutaneously in CONV-R 

mice. Three days after surgery, mice were treated with or without antibiotics in the drinking 

water. Six days after surgery, the mice were switched from a chow to a Western diet. Mice 

were fed a Western diet for one week, until the end of the experiment. n=8-9 per group. Body 

weight was measured at the end of the experiment (L). Representative pictures of Iba1 and 



GFAP staining in ARC from Western diet-fed wild-type mice treated with antibiotics or 

placebo while administrated with vehicle or Ex9-39 (M). Scale bar: 100 µm. Body weight 

gain between surgery and end of the study (N), subcutaneous white adipose tissue (SC WAT) 

weight (O), epididymal white adipose tissue (eWAT) weight (P), and cecum weight (Q) were 

determined at the end of the experiment. All graphs show mean ± SEM. *, P<0.05, **, P<0.01 

and ***, P<0.001 as determined by Mann-Whitney rank test in A-K, or by Kruskal-Wallis 

test in L-Q. CONV-R, conventionally raised; Abx, antibiotics; GF, germ-free; WD, Western 

diet; Lep, leptin; Veh, vehicle; Ex9-39, Exendin 9-39.  
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Figure S4. Deletion of GLP-1R in GFAP-expressing cells diminishes antibiotic-mediated 

protection against diet-induced hypothalamic inflammation. Related to Figure 4. 

(A) GLP-1R staining of hypothalamic sections from CONV-R WT, GF WT and CONV-R 

Glp1r -/- mice. Scale bar: 100 µm. (B) Co-localization between Iba1 and EGFP in ROSA 

mTmG mice bred with mice expressing tamoxifen-inducible Cre under the Cx3cr1 promoter. 

Scale bar: 25 µm. (C) Co-localization between GLP-1R and EGFP in ROSA mTmG mice 

bred with mice expressing tamoxifen-inducible Cre under the Cx3cr1 promoter. Scale bar: 25 

µm. (D) Co-localization was observed between GLP-1R and the astrocyte marker GFAP 

using a confocal microscope. (E) GFAP and GLP-1R immunostaining in Glp1r -/- mice. Scale 

bar: 100 µm. (F) Expression of GLP-1R in wild-type mice and in mice with specific deletion 

of the GLP-1R in the GFAP-positive cells. Scale bar: 50 µm. (G) Expression of c-fos in 

GFAP+ astrocytes after Ex4 injection in fasted mice using confocal imaging. (H) c-fos-

positive astrocytes after vehicle or Exendin-4 (10 µg/kg) i.p. injection in 12-hour fasted 

female mice. Scale bar: 100 µm, Scale bar in insert: 25 µm. 

 



Mouse model chow 2-days Western diet 1-week Western diet 4-weeks Western diet

CONV-R WT Hypothalamic Iba1+ and GFAP+ cells
Hypothalamic gene expression
Colonic Gcg expression

Hypothalamic gene expression Hypothalamic Iba1+ and GFAP+ cells
Hypothalamic gene expression
Plasma GLP-1, leptin and insulin measurements
Leptin-induced hypothalamic pSTAT3
Leptin-induced effects on food intake
Colonic Gcg expression
GLP-1R immunofluorescence
Ex9-39, AF12198 or Etanercept administration

Hypothalamic Iba1+ and 
GFAP+ cells
Plasma GLP-1 
measurements
Hypothalamic gene 
expression

GF WT Hypothalamic Iba1+ and GFAP+ cells
Hypothalamic gene expression
Colonic Gcg expression

Hypothalamic gene expression Hypothalamic Iba1+ and GFAP+ cells
Hypothalamic gene expression
Plasma GLP-1 measurements
Leptin-induced hypothalamic pSTAT3
Colonic Gcg expression
GLP-1R immunofluorescence
Ex9-39 administration

Abx WT Hypothalamic Iba1+ and GFAP+ cells
Hypothalamic gene expression

Hypothalamic gene expression Hypothalamic Iba1+ and GFAP+ cells
Hypothalamic gene expression
Plasma GLP-1, leptin and insulin measurements
Leptin-induced hypothalamic pSTAT3
Leptin-induced effects on food intake
GLP-1R immunofluorescence
Ex9-39 administration

Hypothalamic Iba1+ and 
GFAP+ cells
Plasma GLP-1 
measurements

CONV-R 
Glp-1r KO

Hypothalamic Iba1+ and GFAP+ cells Hypothalamic Iba1+ and GFAP+ cells
Leptin-induced hypothalamic pSTAT3
GLP-1R immunofluorescence

Abx
Glp-1r KO

Hypothalamic Iba1+ and GFAP+ cells Hypothalamic Iba1+ and GFAP+ cells
Leptin-induced hypothalamic pSTAT3
GLP-1R immunofluorescence

CONV-R 
Gfap-Glp-1r KO

Functional assay of GLP-1R depletion
(Ex4 injection)

Hypothalamic Iba1+ and GFAP+ cells
GLP-1R immunofluorescence

Abx
Gfap-Glp-1r KO

Functional assay of GLP-1R depletion
(Ex4 injection)

Hypothalamic Iba1+ and GFAP+ cells
GLP-1R immunofluorescence



Table S1. Overview of the animal experiments performed. Related to STAR methods.  
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