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SUMMARY

Caloric restriction (CR) extends lifespan from yeast to
mammals, delays onset of age-associated diseases,
and improves metabolic health. We show that CR
stimulates development of functional beige fat within
the subcutaneous and visceral adipose tissue,
contributing to decreased white fat and adipocyte
size in lean C57BL/6 and BALB/c mice kept at room
temperature or at thermoneutrality and in obese
leptin-deficient mice. These metabolic changes are
mediated by increased eosinophil infiltration, type 2
cytokine signaling, and M2 macrophage polarization
in fat of CR animals. Suppression of the type 2
signaling, using Il4ra�/�, Stat6�/�, or mice trans-
planted with Stat6�/� bone marrow-derived hemato-
poietic cells, prevents the CR-induced browning and
abrogates the subcutaneous fat loss and the meta-
bolic improvements induced by CR. These results
provide insights into the overall energy homeostasis
during CR, and they suggest beige fat development
as a common feature in conditions of negative energy
balance.

INTRODUCTION

Brown adipose tissue (BAT) catabolizes lipids to produce heat, a

function that is mediated by the tissue-specific uncoupling pro-

tein 1 (UCP1). BAT differentiation can be induced by prolonged

cold exposure and beta-adrenergic stimulation, which leads

to elevated intracellular cyclic AMP (Cannon and Nedergaard,

2004; Himms-Hagen et al., 2000; Young et al., 1984) and thyroid

hormones, necessary for full Ucp1 mRNA expression (Bianco

and Silva, 1987; Silva, 1988). The BAT is present at distinct

anatomical sites, including the interscapular, perirenal, and axil-

lary depots. Brown fat cells also emerge in inguinal subcutane-

ous white adipose tissue (WAT) (ingSAT), known as beige cells

in, a process referred to as browning. Loss of BAT function is

linked to obesity and metabolic diseases (Lowell et al., 1993).

Increased beige and brown fat development, on the other
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hand, increases energy expenditure and improves insulin sensi-

tivity (Stanford et al., 2013). Experimental increases of BAT in an-

imals are associated with a lean and healthy phenotype (Ghor-

bani et al., 1997; Guerra et al., 1998; Kopecky et al., 1995),

suggesting the manipulation of the fat stores as an anti-obesity

therapeutic perspective. Browning appears consequent to phys-

iological stimuli, such as cold exposure or endurance exercise

(Cousin et al., 1992; Guerra et al., 1998; Himms-Hagen et al.,

2000). In addition to the physiological stimuli, also microbiota

depletion (Suárez-Zamorano et al., 2015; Chevalier et al., 2015)

and Roux-en-Y gastric bypass weight-loss surgery (RYGB) (Nei-

nast et al., 2015) promote the development of beige fat. It re-

mains unclear whether there is a common feature between these

seemingly unrelated physiological and interventional stimuli that

could lead to the beige fat development.

A common characteristic of all the above conditions that lead

to browning is the negative energy balance: the energy uptake

is lower than the energy expenditure, resulting in weight loss

primarily due to the decreased fat mass. Caloric restriction

(CR) is a classical example of energy scarcity. CR up to 40%

of nutritious diet intake extends healthy lifespan from yeast to

mammals (Colman et al., 2014; Wei et al., 2008), delays the

onset of multiple age-associated diseases, and improves meta-

bolic health (De Guzman et al., 2013; Ocampo et al., 2012). The

beneficial effects of CR are chiefly mediated by the reduced

energy intake, which affects the ration of cellular substrates,

such as NAD+/NAD and AMP/ATP, and triggers downstream

changes in several energy-sensing pathways (Cantó and Au-

werx, 2011). We hypothesized that energy scarcity could be a

physiological trigger that drives the browning of the white fat.

In this study, we found that CR promotes functional beige fat

development. We show that the browning is concomitant with

the increased type 2 cytokine signaling and that this signaling

is necessary for the beige fat development, for the decrease

of the subcutaneous fat, and for many of the metabolic im-

provements caused by the CR. Genetic suppression of the

type 2 cytokine signaling during CR abrogates the white fat

browning, lowers the energy expenditure of the CR mice, pre-

vents the subcutaneous fat loss, and ablates the improved

insulin sensitivity and glucose tolerance caused by the CR.

Our data suggest that white fat browning through enhanced

type 2 signaling is a common feature of conditions of negative

energy balance.
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Figure 1. Caloric Restriction Promotes

Browning of WAT

(A) 2[14C]deoxyglucose (2[14C]-DG) uptake in ad

libitum (AL) and caloric restricted (CR) mice in the

indicated organs (n = 6 per group) is shown.

(B) Standardized uptake values (SUVs) of radio-

labeled tracer 2-deoxy-2-[18F]fluoro-D-glucose

([18F]FDG) in ingSAT and pgVAT of AL andCRmice

(n = 6 per group) were revealed using PET-CT.

(C) 3D reconstitution of ingSAT and pgVAT using

the PET-CT scans (left) from mice as in (B) and

corresponding quantifications of the total ingSAT

and pgVAT volumes (right) are shown. Scale bar,

2.5 mm.

(D) IngSAT and pgVAT density are shown in

Hounsfield units from mice as in (B).

(E) Representative H&E-stained histological sec-

tions from ingSAT and pgVAT of AL and CR mice

are shown. Scale bar, 200 mm.

(F and G) Cell size profiling of adipocytes from in-

gSAT (F) and pgVAT (G) of AL and CR mice (n = 6

per group). Adipocyte size measurements were

done on two sections per mouse.

(H) Relative mRNA expression of browning

markers in ingSAT of AL, CR, and weight-matched

(WM) mice (n = 6) is shown.

(I) Representative images (left) and corresponding

whole-section quantification (right) of immunoflu-

orescent stainings of Ucp1 protein in ingSAT (n = 6

per group) are shown.

(J) Representative western blot (top) and quantifi-

cation (bottom) of protein lysates from ingSAT of

AL and CR mice are shown.

Mice were tested after 4 weeks of CR. Error bars

show mean ± SD. Significance was calculated

using non-paired two-tailed Student’s t test (*p %

0.05, **p % 0.01, and ***p % 0.001).
RESULTS

CR Leads to Preferential Glucose Uptake in White Fat
To investigate the effect of CR on glucose homeostasis, we

limited the daily food availability for 40% and found decreased

body weight, improved glucose tolerance after an oral glucose

load, and increased insulin sensitivity following CR compared

to ad libitum (AL)-fed C57BL/6J control wild-type (WT) mice (Fig-

ures S1A–S1C). This is in agreement with the previous studies

(Barzilai et al., 1998; Barzilai and Gabriely, 2001; Kelley et al.,

1993) where the improved insulin sensitivity after CR was attrib-

uted in part to suppressed hepatic glucose production.
Cell Metabo
To examine the peripheral glucose up-

take, we administered 2-[14C]deoxyglu-

cose (2-DG) at basal conditions, and we

found increased glucose disposal in in-

gSAT and perigonadal visceral adipose

tissue (pgVAT), but no changes in the

interscapular BAT (iBAT) and brain and

a decrease in the quadriceps muscle

(Figure 1A), despite the latter showing

increased uptake under insulin-stimulated

conditions (Figure S1D). These results

suggest that the white fat depots are
major glucose disposal tissues in basal conditions, which were

further corroborated using positron emission tomography-

computed tomography (PET-CT). Specifically, 2-deoxy-2-[18F]

fluorodeoxyglucose ([18F]FDG) uptake was increased in the in-

gSAT and pgVAT, but not in the quadriceps muscle, further

suggesting preferential glucose uptake in the white fat depots of

CR mice (Figure 1B). Three-dimensional (3D) reconstitution of

the CT images demonstrated that CR mice had decreased

volumes of their ingSAT and pgVAT depots (Figure 1C). This

was accompanied by lower ingSAT, pgVAT, and liver weights,

without changes in iBAT, quadriceps muscle, and stomach

(Figure S1E).
lism 24, 434–446, September 13, 2016 435



To investigate whether the changes in the fat volume could be

attributed in part to differences in its density, we measured the

Hounsfield units on the PET-CT scans. The results revealed

that CR mice had higher ingSAT and pgVAT density compared

to controls (Figure 1D). These results demonstrate that CR leads

to preferential glucose uptake in white fat and that these fat de-

pots in theCRmice are smaller in size andwith increaseddensity.

CR Promotes the Development of Functional Beige Fat
To determine whether the higher density and the decreased fat

amount are originating from the differences in the adipocyte vol-

ume, we measured the adipocyte size distribution using high-

content imaging. CR mice had a higher number of small adipo-

cytes with multilocular appearence and a lower number of large

adipocytes in both ingSAT and pgVAT depots compared to the

AL control animals (Figures 1E–1G), but not in the iBAT of the

same animals (Figures S1F and S1G). The fat tissues excised

from theCRmicewere darker in appearance (Figure S1H). These

features are characteristic of mature beige adipocytes. There-

fore, we investigated whether CR could affect the browning

of the white fat depots, and we found that CR mice showed

a marked increase in the browning markers, such as Ucp1,

cell death-inducing DFFA-like effector A (Cidea), peroxisome

proliferator-activated receptor gamma coactivator 1 alpha

(Ppargc1a), peroxisome proliferator-activated receptor alpha

(Ppara), peroxisome proliferator-activated receptor gamma

(Pparg), PR domain containing 16 (Prdm16), T-box transcription

factor (Tbx1), and fatty acid-binding protein 4 (Fabp4) in the

ingSAT (Figure 1H). Surprisingly, most of them, together with

tumor necrosis factor receptor superfamily member 9 (Tnfrsf9,

or CD137) and transmembrane protein 26 (Tmem26), also were

increased in the pgVAT depots (Figure S1I), but were not

changed in the ingSAT or pgVAT of the weight-matched animals

compared to the AL controls (Figures 1H and S1I). The increased

browning of ingSAT was confirmed by high-content imaging and

western blotting, and it suggested an increased number of

Ucp1-positive cells and increased UCP1 protein level in the in-

gSAT of the CR mice (Figures 1I and 1J).

These data demonstrate that CR promotes browning inWATs.

The beige fat was already detected after 1 week of CR, and it

further increased or reached its highest levels after 2 or 4 weeks,

respectively (Figures S1J, S1K, and 1H). The browning was still

present, albeit at lower levels, 2 weeks after the end of the CR,

and it was completely reversed 5 weeks after providing food

AL to the 4-week CR animals (Figures S1L and S1M). A 48-hr

cold exposure led to an �150-fold increase in the Ucp1 expres-

sion compared to the 60-fold increase in the AL relative to the

room temperature (RT) AL controls (Figure S1N), suggesting

that the newly developed beige fat is functionally active. This

conclusion was further corroborated by oxygen consumption

rate (OCR) measurements after isoproterenol stimulation using

either the Seahorse analyzer or the Clark electrode. Both

methods revealed that adipocytes isolated from the CR mice

have greater response to beta-adrenergic stimuli compared to

cells from AL mice (Figures 2A and 2B), suggesting increased

thermogenic capacity following CR. To further investigate the

functional properties of the newly developed beige fat, we

measured the glycerol release as an indicator of lipolysis rates

in response to beta-adrenergic stimulation. Adipocytes isolated
436 Cell Metabolism 24, 434–446, September 13, 2016
from the ingSAT depots of the CR mice displayed increased

glycerol release, which was enhanced after the isoproterenol

treatment (Figure 2C), demonstrating an increased lipolysis in

response to beta-adrenergic stimulation. Together, these data

demonstrate that fat tissues and adipocytes isolated from the

CR mice exhibit increased respiratory capacity and lipolysis

rates as an important functional characteristic of the beige fat.

To further investigate the in vivo functional importance of the

newly developed beige fat, we exposed the mice to acute cold

and monitored the eye temperature representative of the inter-

nal body temperature, as well as the ventral and dorsal temper-

atures using infrared imaging (Figure 2D). In these experiments

the food was given AL to both groups to exclude the potential

role of the acutely consumed food on the cold tolerance.

Consistent with previous observations (Ferguson et al., 2007),

CR mice had a lower basal temperature compared to the AL

controls (Figures S2C–S2E). Despite the lower starting point,

the CR mice showed constant temperature for the whole course

of the cold exposure, while AL mice dropped their body temper-

ature during the acute cold stress (Figures 2E and S2A–S2E).

This was associated with decreased blood glucose levels and

a marked increase in food consumption in the CR mice (Figures

S2F–S2H). The enhanced energy harvest during acute cold con-

tributes to maintaining the body temperature (Chevalier et al.,

2015), while restricting the available food lowers it. Therefore,

to exclude that the increased food consumption of the CR

mice was the cause for their improved cold tolerance, we

limited the food availability during the initial 6 hr of the cold

stress. Similar to the results obtained when the food was avail-

able AL during the cold, CR mice were more protected from the

cold-induced temperature drop when food availability was

restricted (Figures 2F and S2I–S2L), suggesting that the in-

crease in the acutely consumed food was not the cause of their

improved cold tolerance. Similar results were observed when

food was available AL to both groups 24 hr before and during

the cold exposure (Figures 2G and S2M–S2O). Together, these

results demonstrate that the newly developed beige fat is func-

tionally active.

CR Leads to Browning at Thermoneutrality in Obese
Mice and in Mice Fed the CR Diet
We extended our studies tomice kept at thermoneutrality, where

the increased browning would be driven by the CR alone,

excluding the effect of the environmental temperature (Feldmann

et al., 2009). CR administered under thermoneutral conditions

led to decreased body weight, increased tolerance to glucose

after an oral glucose load, and constant body temperature

following acute cold exposure when compared to AL controls

kept at thermoneutrality (Figures 3A, S3A, and S3B). Also at ther-

moneutral conditions, CR lowered the amounts of ingSAT and

pgVAT. The adipocytes isolated from the fat depots of the CR

mice kept at thermoneutrality were smaller and with multilocular

appearance, and they showed increased expression of the

browning markers, albeit to a lower magnitude compared to

mice kept at RT, consistent with the absence of a mild thermal

stimulation (Figures 3B–3D and S3C–S3I). These data suggest

that the CR-induced browning does not appear as a result of

the decreased thermal isolation due to the decreased fat content

of the CR mice.
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Figure 2. The Developed Beige Fat after CR

Shows Increased Thermogenic Capacity

(A) Normalized oxygen consumption rate (OCR) in

ingSAT biopsies from AL and CR mice detected

with Seahorse analyzer. Iso: isoproterenol (n = 4

mice per group assayed in triplicate).

(B) OCR in ingSAT biopsies of mice as in (A),

measured with Clark electrode. Values are shown

as ratios between isoproterenol-stimulated and

basal conditions (n = 5 per group).

(C) Glycerol release in ingSAT adipocytes from AL

and CR mice under basal and isoproterenol-stim-

ulated conditions (n = 4 per group) is shown.

(D) Representative infrared images show AL and

CR mice at the indicated time points during 12-hr

(h) cold exposure.

(E–G) Infrared eye temperature readings from

12-hr cold-exposed mice with AL access to food

during the cold exposure (E, n = 8 per group),

fasted for the first 6 hr of cold (F, n = 8 per group),

or with AL food access 24 hr before and during the

cold exposure (G, n = 8 per group).

Error bars show mean ± SD except for (A), where

they represent the SEM. Significance was calcu-

lated using non-paired two-tailed Student’s t test

(*p % 0.05, **p % 0.01, and ***p % 0.001).
Accordingly, CR led to improved sensitivity to insulin in obese,

leptin-deficient (ob/ob) mice (Figure 3E) and to decreased body

weight gain of the CR ob/ob mice (Figures S3J). This was asso-

ciated with improved thermogenic capacity and glucose toler-

ance of the CR obese mice compared to the AL controls and

increased expression of the browning markers (Figures 3F, 3G,

S3K, and S3L). This demonstrates that CR enhances the beige

fat levels also in obese animals and improves their metabolic

fitness. We further investigated whether restricting the calories

using a different dietary composition would be important for

the browning. A 20% CR using protein-rich calorie-restricted

diet (CRD) partially phenocopied the chow CRD-fed animals.

Specifically, CRD led to decreased body weight and to improved

cold tolerance (Figures S3M and 3H). The CRD-fed mice also

showed improved glucose tolerance and smaller multilocular ad-

ipocytes in both the ingSAT and pgVAT, resulting in decreased

adiposity and increased expression of the browning markers

(Figures 3I, 3J, and S3M–S3P). These data suggest that the

CR-induced browning is not limited to certain dietary compo-

nents, but is rather a general phenomenon in conditions of

reduced energy uptake.
Cell Metabo
Decreased Caloric Uptake
Enhances Type 2 Immune
Response
To gain insight into the mechanisms

of browning following CR, we profiled

the serum corticosterone (Bordone and

Guarente, 2005; Qiang et al., 2012)

and the cytokine levels in the ingSAT

and pgVAT. While no changes were de-

tected in the corticosterone levels (Fig-

ures S4A and S4B), the type 2 cytokines

IL-4, IL-5, and IL-13 were markedly up-
regulated in both ingSAT and pgVAT of CR mice compared

to the AL controls (Figures 4A, S4C, and S4D). Eosinophils

and the type 2 cytokines are sufficient to promote beige fat

development through alternative activation of M2 macro-

phages expressing tyrosine hydroxylase (TH) (Ganeshan and

Chawla, 2014; Lee et al., 2015; Martinez et al., 2009; Qiu

et al., 2014), rate-limiting enzyme in the catecholamine biosyn-

thesis (Nguyen et al., 2011). Indeed, Th mRNA and TH protein

levels were increased in ingSAT and pgVAT in the CR mice

(Figures 4B and S4E).

We therefore focused on the type 2 immune response

and detected increased frequency of eosinophils in both fat

tissues. This was accompanied by an enhanced macrophage

expression of the M2 markers CD301 (or macrophage galac-

tose-type C-type lectin 1), Arginase 1 (ARG1), and TH and

decreased levels of the M1 markers CD11c and NOS2, sug-

gesting that the alternatively activated macrophages are asso-

ciated with the increased browning (Figures 4C–4F, S4E, and

S4F). From the IL-4-competent cells recovered from WAT of

mice, about 90% are eosinophils (Wu et al., 2011) while the

rest are made up of small numbers of basophils, CD4+
lism 24, 434–446, September 13, 2016 437
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Figure 3. Metabolic Effects of CR in Thermoneutral, Obese, and Animals on CR Diet

(A) Infrared eye temperature readings from 12-hr cold-exposedmicemaintained at thermoneutrality since the start of theCR and in the presence of food AL during

the cold (n = 6 per group) are shown.

(B) Relative mRNA expression of the indicated browning markers in ingSAT from mice kept at thermoneutrality (n = 6 per group) is shown.

(C and D) Representative histological sections (C) and cell size profiling (D) of ingSAT from mice kept at thermoneutrality (n = 6). Adipocyte size measurements

were done on two sections per mouse.

(E–G) Insulin tolerance test (E), infrared temperature readings (F), and mRNA expression in ingSAT (G) of AL-fed and CR ob/ob mice (n = 6 per group) are

shown.

(H) Eye infrared temperature measurements during a 12-hr cold exposure of AL-fed mice andmice with 20%CR using a calorie-restricted diet (CRD) as specified

in the Experimental Procedures (n = 6 per group) are shown.

(I and J) Representative H&E-stained histological sections of AL and CRDmice (I) and relative gene expression of browning markers in ingSAT (J) of mice as in (H)

(n = 6 per group) are shown.

Scale bars, 200 mm. Error bars show mean ± SD. Significance was calculated using non-paired two-tailed Student’s t test (*p % 0.05, **p % 0.01, and

***p % 0.001).
T cells, and innate lymphoid type 2 cells (ILC2). We therefore

also investigated the levels of ILC2 and the CD4+ and CD8+

T cells, and we could not detect changes in their levels

following CR (Figures S4K and S4L). In contrast, Th mRNA

expression also was increased in ingSAT and pgVAT of the

CR mice kept at thermoneutrality (Figure 4G). The increase in

type 2 response reached a maximum already 1 week after

CR, and it was lost after switching CR mice to AL feeding (Fig-

ures S5A and S5B).
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Type 2 Immune Signaling Is Necessary for the Browning
and Metabolic Improvements during CR
To confirm the importance of the type 2 immunity in the CR-

induced browning, we used two knockout (KO) animal models,

STAT6 (Stat6-KO, Stat6�/�) and Il4ra (Il4ra-KO, Il4ra�/�), both
models showing impaired type 2 cytokine signaling (Lee et al.,

2015; Qiu et al., 2014). The Il4ra�/� animals and their respective

controls were on a BALB/c background, while the Stat6�/� mice

were on a C57BL/6J background. In both CR KO models, we
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Figure 4. Increased Type 2 Immune Signaling in Fat Tissues of CR Mice

(A) Type 2 cytokine levels in ingSAT of AL and CR mice (n = 8 per group) are shown.

(B) Th mRNA levels in ingSAT and pgVAT of mice as in (A) (n = 6 per group) are shown.

(C) Mean fluorescence intensity (MFI) of the indicated M1 and M2macrophage markers in CD11b+F4/80+ cells gated in ingSAT stromal vascular fraction (SVF) of

AL and CR mice (n = 6 per group) is shown.

(D) Representative protein expression of M1 and M2 markers in ingSAT macrophages as in (C) is shown.

(E and F) Representative dot plots (E) and corresponding quantifications (F) of CD11b+Siglec F+ eosinophils in ingSAT SVF of mice as in (A) (n = 6 per group) are

shown.

(G) Th mRNA levels in ingSAT and pgVAT of AL or CR mice kept at thermoneutrality (30�C) (n = 6 per group) are shown.

Error bars show mean ± SD. Significance was calculated using non-paired two-tailed Student’s t test (*p % 0.05, **p % 0.01, and ***p % 0.001).
could not detect improvement in the tolerance to glucose, and

we saw milder or no improvement in the sensitivity to insulin in

the Il4ra�/� and Stat6�/� animals, respectively (Figures 5A–5H).

Notably, the ingSAT loss during CR was completely prevented

in the CR Stat6-KO (Figure 5I). Similar to the mice on C57BL/

6J background, the calorie-restricted control mice on BALB/c

background also decreased their fat weight, while the subcu-

taneous fat loss was prevented in the CR Il4ra-KO mice (Figures

5J, S5C, and S5D). We detected no changes in the [18F]FDG up-

take in fat between the CR and AL when we used Stat6�/� mice

subjected to PET-CT (Figures 5K and S5E), and the ingSAT vol-

ume, but not the pgVAT, remained the same between the groups
(Figures 5L and 5M). Hounsfied unit measurements revealed no

differences in the density of the fat tissues (Figure 5N). These re-

sults demonstrate that type 2 signaling is necessary for themeta-

bolic benefits of CR and that its abrogation using either Stat6-KO

or Il4ra-KO animals impairs the reduction in subcutaneous, but

not visceral, adiposity under CR.

Suppression of the type 2 signaling ablated the CR-induced

increase in M2 macrophages (Figure 6A) and the browning of

the white fat depots assessed by measuring the expression of

the browning markers (Figures 6B and 6C) and the adipocyte

morphology (Figures 6D–6H and S6A–S6E). Since the browning

of the fat depots enhances energy dissipation and reduces the
Cell Metabolism 24, 434–446, September 13, 2016 439
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Figure 5. Genetic Suppression of the Type 2 Signaling Ablates the Metabolic Improvements and Subcutaneous Fat Loss Caused by CR

(A–H) Oral glucose tolerance test (OGTT) (A–D) and insulin tolerance test (E–H) of AL and CR Stat6+/+ (A and E) and Stat6�/� (B and F) in the C57BL/6J genetic

background and AL and CR Il4ra+/+ (C and G) and Il4ra�/� (D and H) in the BALB/c genetic background (n = 4–6 per group) are shown.

(I and J) Organs weight of AL and CR Stat6�/� (I) and Il4ra�/� (J) and control Il4ra+/+ mice on BALB/c genetic background (n = 4–6 per group) are shown.

(K) SUVs of radiolabeled tracer [18F]FDG in ingSAT and pgVAT of AL and CR Stat6+/+ and Stat6�/� mice (n = 5 per group) were revealed using PET-CT.

(L andM) 3D reconstitution of ingSAT and pgVAT using the PET-CT scans (L) frommice as in (K) and corresponding quantifications of the total ingSAT and pgVAT

volumes (M) are shown. Scale bar, 2.5 mm.

(N) IngSAT and pgVAT density are shown in Hounsfield units from mice as in (K).

Error bars show mean ± SD. Significance was calculated using non-paired two-tailed Student’s t test (*p % 0.05, **p % 0.01, and ***p % 0.001).
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Figure 6. Suppression of the Type 2 Signaling Abrogates the CR-Induced Browning

(A) MFI of CD301 in CD11b+F4/80+ macrophages was detected in ingSAT of AL and CR Il4ra+/+ and Il4ra�/� mice (n = 6 and 4, respectively).

(B and C) Relative mRNA expression of browning markers in ingSAT of AL and CR Stat6+/+ and Stat6�/� (B) and Il4ra+/+ and Il4ra�/� (C) mice (n = 4–6 per group) is

shown.

(D–H) Representative H&E-stained histological sections (D and G) and cell size profiling (E, F, and H) in ingSAT of AL and CR Il4ra+/+ and Il4ra�/� (D–F) or Stat6�/�

(G and H) mice (n = 4–6 per group). Adipocyte size measurements were done on two sections per mouse.

(I and J) Infrared eye temperature readings during 12-hr cold exposure of AL and CR Stat6�/� (I) and Il4ra+/+ and Il4ra�/� (J) mice (n = 4–6 per group) are shown.

Error bars show mean ± SD. Significance was calculated using non-paired two-tailed Student’s t test (*p % 0.05, **p % 0.01, and ***p % 0.001).
overall adiposity, these results suggest that, at least in part, the

ingSAT loss during CR is mediated by the browning of this tis-

sue, unlike the pgVAT where browning is not as pronounced.

CR on the BALB/c control mice, on the other hand, led to similar

improvements in the tolerance to glucose and the sensitivity to

insulin (Figures 5C and 5G) compared to the CR mice on the

C57BL/6J background. As mentioned above, the fat depots of

the BALB/c CR mice also had decreased weight (Figure 5J)

and showed increased macrophage levels compared to the

AL controls (Figure 6A). Accordingly, CR increased the expres-
sion of the browning markers in the fat depots of the BALB/c

mice, and their adipocytes showed a multilocular appearance

(Figures 6C–6E), demonstrating that CR leads to the develop-

ment of beige fat irrespective of the genetic background of

the mice. Consistent with the suppressed browning, neither

CR Stat6-KO nor Il4ra-KO mice showed improvement in the

tolerance to cold (Figures 6I, 6J, and S6F–S6J), while the energy

expenditure of the CR Stat6-KO was lower than CR WT controls

(Figure S6K). Together, this demonstrates that the increased

browning and glucose phenotypes after CR are mediated by
Cell Metabolism 24, 434–446, September 13, 2016 441



increased type 2 immune signaling, irrespective of the genetic

background of the mice.

Several of the metabolic improvements during the CR are

in part mediated by the silent information regulator T1 Sirtuin1

(SIRT1) (Cantó and Auwerx, 2009). This NAD+-dependent his-

tone deacetylase plays an important role in regulating energy ho-

meostasis in several metabolic tissues (Rodgers et al., 2008),

linking the metabolic status to the transcriptional regulation.

We therefore investigated its expression levels and found that

SIRT1 was increased after CR in the visceral fat, and it was

bordering statistical significance in the ingSAT (Figures S7A

and S7B). Interestingly, SIRT1 levels were increased in both

the eosinophils and macrophages present in the ingSAT, and

the increment observed in the macrophages was due to its

increased levels in the M2 polarized cells (Figures 7A, 7B, and

S7C). SIRT1 deletion in macrophages results in increased tran-

scription of proinflammatory target genes, while myeloid cell-

specific SIRT1 knockout mice challenged with a high-fat diet

display high levels of activated macrophages (M1) in liver and

adipose tissue, predisposing the animals to the development

of systemic insulin resistance and metabolic derangements

(Schug et al., 2010). Increased SIRT1 levels also were present

in the adipocytes isolated from both fat depots, as well as in

the pgVAT macrophages (Figures S7D–S7F). Together, these

data demonstrate that the increased SIRT1 expression is asso-

ciated with the alternatively activated macrophages in the

ingSAT following CR. In context of the SIRT1 role in regulating

the macrophage polarization, these observations could point

to this transcriptional factor as a possible upstream regulator

of some of the beneficial effects following CR mediated by

the type 2 immunity. Consistent with this idea, treatment of

myeloid-derived suppressor cells with IL-4 increases the Sirt1

expression (Liu et al., 2014), while the transgenic mice overex-

pressing SIRT1 are leaner, metabolically more active, and

show improved glucose tolerance (Bordone et al., 2007), closely

resembling the phenotype of the CR mice.

To further investigate the link between the immune signaling

and the metabolic phenotype, we transplanted bone marrow-

derived cells from the Stat6-KO donor mice to lethally irradiated

WT or Stat6-KO recipients (WT bone marrow transplantation

[BMT]KO or KO BMTKO, respectively), and we used WT donor

transplantations to irradiated WT or Stat6-KO recipients as con-

trols (WT BMTWT or KOBMTWT, respectively) (Figure S7G). While

we could detect no changes in the glucose tolerancewhen trans-

planting the bone marrow-derived cells from theWT or Stat6-KO

to AL-fed mice (Figure 7C), subjecting the transplanted mice to

CR led to improved tolerance to glucose in all the animals trans-

planted with bone marrow-derived cells from theWTmice, when

compared to the ones transplanted with Stat6-KO bonemarrow-

derived cells (Figures 7D and 7E). These improvements were

irrespective of whether the recipient mice were Stat6-KO or

WT. Similarly, both WT BMTWT and KO BMTWT CRmice showed

improved insulin sensitivity compared to the WT BMTKO and KO

BMTKO CR, while no changes were found in the AL-fed animals

(Figures 7F–7H). Notably, CR led to decreased ingSAT weight

only in the mice transplanted with bone marrow derived from

WT mice (Figure 7I), suggesting a key contribution of the BM-

derived cells to the metabolic improvements and the inSAT

loss during CR. These observations were consistent with the
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smaller multilocular adipocytes present in the WT BMTWT and

KO BMTWT CR mice (Figure 7J) and the higher expression of

the key browning markers and increased eosinophil number in

these animals, compared to CR WT BMTKO and KO BMTKO

and AL WT BMTWT and KO BMTWT mice in both ingSAT and

pgVAT depots (Figures 7K and S7H–S7L). These data demon-

strate that the immune-competent bone marrow-derived cells

mediate the browning phenotype and a number of metabolic

improvements of the CR mice.

DISCUSSION

Long-term CR without malnutrition or intermittent fasting pro-

long the lifespan of yeast, plants, worms, flies, and rodents

and also may have beneficial effects on longevity in primates.

CR increases the health span and reduces the incidence of

metabolic diseases, cancer, arteriosclerosis, and neurodegener-

ation. In rodents, the CR caused by a continuously low calorie

intake, but not by intermittent fasting regimens, reduces the

body weight and the total fat amount. Our data suggest that, at

least in part, this overall decrease in the total fat during CR is

due to the increased browning of the white fat depots. This is

concomitant with increased eosinophils and M2 macrophage

infiltration and with enhanced type 2 cytokine signaling in the

fat tissues of the CR animals.

Genetic ablation of the type 2 immunity impaired the CR-

induced browning of both white fat depots and suppressed the

improved glucose tolerance and insulin sensitivity of the CR

mice. Intriguingly, the subcutaneous fat loss in these CR KO

mice was completely abrogated, suggesting that the decrease

of this tissue during CR is enabled by the type 2 signaling. Sup-

pression of the type 2 immunity, on the other hand, did not affect

the visceral fat loss, consistent with the lower browning capacity

of this fat depot. These results demonstrate that the increased

type 2 signaling and the innate immunity are of key importance

for a number of metabolic improvements during CR. In contrast

to the cold exposure (Lee et al., 2015), CR did not affect the

levels of the ILC2 cells, suggesting alternative upstream mecha-

nisms contributing to the increased eosinophil and M2 levels.

SIRT1 is a histone deacetylase that affects the energy homeo-

stasis in several metabolic tissues. The levels of SIRT1 were

markedly increased in the alternatively activated macrophages,

but they were not changed in the M1 polarized cells. It is well es-

tablished that SIRT1 favors the M2 macrophage polarization, in

agreement with the idea that its increased levels after CR might

mediate some of the beneficial metabolic effects of CR that are

linked to the innate immunite response. IL-4 increases the Sirt1

expression (Liu et al., 2014) in vitro, raising the possibility that

increased secretion of this type 2 cytokine promotes alternative

macrophage activation, at least in part, through SIRT1. Accord-

ingly, the increased expression of SIRT1 in vivo favors a leaner

and metabolically healthier phenotype (Bordone et al., 2007),

mirroring the metabolic benefits of the CR treatment.

Browning of the fat depots enhances energy dissipation and

reduces the overall adiposity, thereby contributing to the overall

fat decrease during CR. Cold exposure and long-term endur-

ance exercise are physiological stimuli that increase the brown-

ing (van Marken Lichtenbelt et al., 2009; Harms and Seale, 2013;

Wu et al., 2012, 2013; Boström et al., 2012). The increased
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energy dissipation during cold exposure is physiologically justi-

fied by the need for increased heat production as a defense

against hypothermia. The increased browning during exercise,

on the other hand, seems paradoxical, and one explanation

was that it might have evolved as a consequence of muscle

contraction during shivering (Boström et al., 2012). We note

that a common feature between the cold exposure and endur-

ance exercise is the negative energy balance: higher energy

expenditure than intake leading to fat loss. In addition, interven-

tional microbiota depletion, either bymeans of antibiotics admin-

istration or in germ-free mice (Suárez-Zamorano et al., 2015;

Chevalier et al., 2015), as well as RYGB (Neinast et al., 2015)

also increase the browning to a similar extent as several

endurance exercise regimens. These are also conditions of

decreased caloric uptake and negative energy balance. Seen

in this context, our results that CR promotes the development

of functional beige fat provide insights into the regulation of the

overall energy homeostasis during energy scarcity, and they

suggest that white fat browning is a common feature of condi-

tions of negative energy balance.

EXPERIMENTAL PROCEDURES

Animals

Cd45.1+ mice, Stat6�/� and Il4ra�/� mice, and their respective C57BL/6J and

BALB/c controls were purchased from Charles River; ob/ob and their C57BL/

6J controls were acquired from Janvier Labs. Mice were kept in a specific

pathogen-free facility (SPF) in 12-hr day and night cycles and were fed stan-

dard chow diet (16.2 MJ/kg Gross Energy; 12.8 MJ/kg Metabolizable Energy;

9 kJ%Fat, 33 kJ%Protein, 58 kJ%Carbohydrates, V1534-727, Ssniff) or 60%

calorie-restricted diet (CRD) (14.6 MJ/kg Gross Energy; 7.7 MJ/kg Metaboliz-

able Energy; 11 kJ% Fat, 51 kJ% Protein, 38 kJ% Carbohydrates, S9631-

S710, Ssniff). Animals were fed daily between 18 and 19 hr. Animals

under chow diet CR received 40% less food than the average eaten by age-

matched AL-fed mice. Mice on CRD received and consumed 30% more of

the 60% calorie restricted diet daily, compared to AL fed controls, to obtain to-

tal of 20% CR. Cold and thermoneutral exposures were performed at 6�C and

30�C, respectively, in a light- and humidity-controlled climatic chamber (TSE)

in SPF conditions. All experiments were started on male, 8-week-old mice,

unless otherwise stated. Weight-matched (WM) controls for CR animals

were 5–8 weeks old. Upon arrival animals were allocated to groups based

on their body weight to ensure equal starting points. All mice were sacrificed

after 5 hr fasting. Blood (500 mL) was taken from terminally anesthetized

mice in tubes with 11 mL 0.5 mM EDTA, 2 mL aprotinin, and 2 mL DPPIV and

plasma stored at �80�C. All animal experiments were approved by the Swiss

federal and Geneva cantonal authorities for animal experimentation (Office

vétérinaire federal and Comission cantonale pour les expériences sur les ani-

maux de Genève).

BMTs

The 8-week-old recipient WT CD45.1 and Stat6�/� mice (which possess the

CD45.2 variant) were lethally irradiated with 1,000 rad. Then 24 hr later, ani-
Figure 7. CR-Induced Browning Relies on Competent Immune Respon

(A) SIRT1 protein expression in CD11b+F4/80+ macrophages in ingSAT of AL an

(B) Quantification of SIRT1 protein levels in total, M1, or M2 macrophages within

(C–H) OGTT (C–E) and insulin tolerance test (F–H) of WT Stat6+/+ (WT, CD45.1+) (C

subsequently transplanted with bone marrow hematopoietic cells from WT (WT

respectively) and kept AL (C and F) or under CR (D, E, G, and H) (n = 5–9 per gro

(I) Organ weights of mice as in (C–H) (n = 5–9 per group) are shown.

(J) Representative H&E-stained histological sections from ingSAT of lethally irrad

KO (bottom line, BMTKO) hematopoietic cells as in (C–H), are shown.

(K) Relative Ucp1 mRNA expression in ingSAT of AL and CR mice as in (A) (n = 5

Scale bars, 200mm.Error bars showmean±SD. Significancewas calculated using
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mals were reconstituted via tail vein injection with 5 3 106 bone marrow

hematopoietic cells collected from donor Stat6�/� or C57BL/6J mice. Mice

were treatedwith Baytril 10% (6mL/L drinkingwater) for the following 2weeks.

Five weeks after tail vein injection, the reconstitution was confirmed by

analyzing the presence of CD45.1 or CD45.2 in peripheral blood of recipient

mice. Animals were subsequently kept AL fed or submitted to CR following

the described protocol.

PET-CT

Mice were anesthetized with 2% isoflurane and were injected in the venous si-

nus with 5–6 megabecquerel (MBq) [18F]FDG. Mice were then left awake at RT

during the uptake time of 20 min. Then 10 min prior to PET scan, mice were

subjected to CT scans in a Triumph microPET/SPECT/CT system (TriFoil).

Images were obtained at 80 peak kilovoltage (kVp) and 160 mA, and 1,024 pro-

jections were acquired during the 360� rotation with a field of view of 71.3 mm

(1.73magnification). After 20 min of [18F]FDG uptake, PET scans were started

for a total duration of 10 min.

PET scans were reconstructed with the built-in LabPET software using an

OSEM3D (20 iterations) algorithm, and images were calibrated in Bq per milli-

liter by scanning a phantom cylinder. The Triumph XO software, which uses a

back-projection engine, was used to reconstruct the CT scans with a matrix of

512 and a voxel size of 0.135 mm. CT scans were co-registered with the PET

scans using the plugin Vivid (TriFoil) for Amira (FEI) and exported as dicom files.

The software Osirix (Pixmeo) was used to quantitatively analyze the datasets

and generate pictures. Regions of interest (ROIs) were drawn on contiguous

slices on CT scans and computed as 3D volumes for the measurements

of volumes and densities of the indicated adipose tissues. Then, PET series

were converted to display standardized uptake values (SUVs) adjusted to

the body weight of the animals and merged with CT sets. 3D ROIs derived

from CT scans were used to quantify the uptake of [18F]FDG in the indicated

adipose tissues.

Flow Cytometry and the Characterization of Hematopoietic Cell

Populations

Primary stromal vascular fractions (SVFs) from adipose tissues were prepared

as described (Sun and Trajkovski, 2014; Trajkovski et al., 2012). Single-

cell preparations were washed in PBS supplemented with 0.1% BSA and

0.5 mM EDTA (pH 8.0), and they were stained with rat monoclonal anti-F4/

80 (clone A3-1, ab105155, 1:200, Abcam), rat monoclonal anti-CD11b (clone

M1/70, 561114, 1:200, BD Biosciences), rat monoclonal anti-CD301 (MGL1/

MGL2) (clone LOM-14, 145705, 1:400, BioLegend), and hamster monoclonal

anti-CD11c (clone N418, 117330, 1:200, BioLegend) for macrophage stain-

ings; rat monoclonal anti-CD45 (clone 104, 558702, 1:200, BD Biosciences)

or rat monoclonal anti-CD11b (clone M1/70, 561114, 1:200, BD Biosciences)

and rat monoclonal anti-Siglec F (clone E50-2440, 562068, 1:200, BD Biosci-

ences) for eosinophil staining; rat monoclonal anti-CD45 (clone 104, 558702,

1:200, BD Biosciences), mouse hematopoietic lineage cocktail (22-7770,

1:200, eBioscience), rat monoclonal anti-CD25 (clone PC61, 1:200, BD Biosci-

ences), and rat monoclonal anti-ST2 (IL-33R, clone RMST2-2, 46-9335, 1:200,

eBioscience) for ILC2 cells; and rat monoclonal anti-CD4 (clone RM4-5,

48-0042, 1:200, eBioscience) or rat monoclonal anti-CD8 (clone 53-6.7,

12-0081, 1:200, eBioscience) for CD4 and CD8 T cells, respectively.

When appropriate, cells were subsequently washed again twice before be-

ing acquired. For intracellular stainings, cells were fixed in 4% paraformalde-

hyde, then labeled with rat monoclonal anti-NOS2 (clone CXNFT, 61-5920,
se

d CR mice. In gray, the isotype control (IC) is shown.

the ingSAT of AL and CR mice (n = 8–10 per group) is shown.

, D, F, and G) and Stat6-KO (KO, CD45.2+) (E and H) mice lethally irradiated and

BMTWT or KO BMTWT, respectively) or Stat6-KO (WT BMTKO or KO BMTKO,

up) are shown.

iated AL and CR WT and KO mice, reconstituted with WT (top line, BMTWT) or

–9 per group) is shown.

non-paired two-tailed Student’s t test (*p% 0.05, **p% 0.01, and ***p% 0.001).



eBioscience), sheep polyclonal anti-Arg1 (IC5868P, R&D Systems), rabbit

monoclonal anti-TH (clone EP1533Y, TA303716, 1:50, Origene), rabbit poly-

clonal anti SirT1 (mouse specific, 2028, 1:100, Cell Signaling Technology), or

rabbit mAB isotype control (3900, 1:100, Cell Signaling Technology), followed

by polyclonal goat anti-rabbit secondary antibody (A-10931, 1:400, Thermo

Fisher Scientific) in permeabilization buffer (PBS with 0.5% Tween 20). Data

were acquired using a Gallios Flow Cytometer (Beckman Coulter) and

analyzed with FlowJo v10 software. After gating out dead cells and doublets,

macrophages were identified as CD11b+F4/80+, eosinophils as CD11b+

Siglec-F+ cells, and ILC2 as Lin�CD45+CD25+IL33R+ cells.

Statistics

Unless otherwise specified in the figure legends, significance was calculated

using non-paired two-tailed Student’s t test. For all figures, *p % 0.05, **p %

0.01, and ***p % 0.001. Errors represent SD unless otherwise stated. Sample

sizes and animal numbers were chosen based on power calculations of 0.8. All

experiments were independently performed at least three times without blind-

ing, and representative values from one experiment are shown. No animals or

values were excluded from the analysis.
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