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SUMMARY

While activation of beige thermogenesis is a promising approach for treatment of obesity-
associated diseases, there are currently no known pharmacological means to induce beiging in
humans. Intermittent fasting is an effective and natural strategy for weight control, but the
mechanism for its efficacy is poorly understood. Here, we show that an every other day fasting
(EODF) regimen selectively stimulates beige fat development within white adipose tissue, and
dramatically ameliorates obesity, insulin resistance and hepatic steatosis. EODF treatment results
in a shift in the gut microbiota composition leading to the elevation of the fermentation products
acetate and lactate, and the selective upregulation of monocarboxylate transporter 1 expression in
beige cells. Microbiota-depleted mice are resistance to EODF-induced beiging, while
transplantation of the microbiota from EODF-treated mice to microbiota-depleted mice activates
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beiging and improves metabolic homeostasis. These findings provide a new gut microbiota-driven
mechanism for activating adipose tissue browning and treating metabolic diseases.

IN BRIEF

White adipose beiging is a promising therapy for obesity and related metabolic diseases. Here, Li,
Xie et al. find that an EODF regimen can selectively induce the beiging of white adipose tissue
and subsequently ameliorate metabolic disorders in mice. Gut microbiota orchestrate the effects
EODF on beiging and metabolic improvement.
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INTRODUCTION

Obesity and related metabolic disorders are growing health challenges for Western countries
that mainly result from an imbalance between energy intake and energy expenditure (Hill et
al., 2012; Hossain et al., 2007; Spiegelman and Flier, 2001). Emerging evidence suggests
that non-shivering thermogenesis can re-establish energy balance and therefore counter the
effects of elevated energy intake (Cannon and Nedergaard, 2011). This process is mediated
primarily by the thermogenic activity of uncoupling protein 1 (UCP1) mainly in brown and
beige fat cells (Harms and Seale, 2013; Kajimura et al., 2015). In this context, activating
brown adipose tissue (BAT) or browning of white adipose tissue (WAT) could be a
promising therapy for obesity and related metabolic diseases. Given current thinking that
adult humans do not have active BAT (Kajimura et al., 2015; Nedergaard and Cannon,
2014), conversion of white fat to beige fat rather than BAT activation would hold more
therapeutic potential. While many browning strategies have been described, mainly in rodent
models, only a very limited number of them have so far supported selective browning of
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WAT (Bonet et al., 2013; Wu et al., 2013). Thus, the therapeutic potential associated with
these approaches in a clinical setting is not yet clear.

Recently, intermittent fasting was demonstrated to optimize energy metabolism and promote
health (Fontana and Partridge, 2015; Longo and Mattson, 2014). However, the mechanism
for these benefits is unclear. Notably, one study found that time-restricted feeding can
counteract obesity without reducing energy intake (Hatori et al., 2012). Although the
perturbation of circadian thythm was considered as a significant contributor to the increased
energy expenditure (Hatori et al., 2012), the possibility exists that the white adipose
browning would be a more direct mechanism. Therefore, in the current study, mice were
placed on an every other day fasting (EODF) regimen to explore the effect on white adipose
beiging and metabolic disorders. Evidence suggests that EODF selectively activates beige fat
thermogenesis and ameliorates obesity-related metabolic diseases probably via the
microbiota-beige fat axis.

EODF increased energy expenditure through non-shivering thermogenesis

To determine the adaptive metabolic changes in energy homeostasis induced by intermittent
fasting, the effect of a 15-cycle EODF on body weight was first analyzed in mice fed chow
diet. When compared with the ad /libitum (AL) group, EODF did not affect cumulative food
intake (Figure 1A), but reduced body mass gain (Figure 1B), indicative of lower metabolic
efficiency and/or higher energy expenditure in EODF mice. To determine the fate of
additional energy unaccounted for body mass gain, the masses of various body depots were
analyzed. EODF significantly reduced fat mass, more specifically visceral epididymal WAT,
while it did not change lean mass, and even increased the BAT mass (Figure 1C). These data
indicate that EODF treatment might promote adaptive non-shivering thermogenesis and
burning of fat. The circadian core body temperature measured rectally in EODF mice was
higher than in the AL group (Figure 1D), as was the total energy expenditure (Figure 1E,
S1), which suggests that the additional energy intake in EODF mice is released as heat. To
determine the primary fuel utilized during this process, whole-body respiratory exchange
ratios (RER) were assayed in one cycle of EODF. On the first day (“Fasted” day) of the RER
assay, the RER of EODF-fasted mice was significantly lower than that of the AL mice, and
nearly equal to 0.7 (Figure 1F, S1B), indicating that lipid utilization as a major energy fuel.
Although on the second day (“Fed” day), when all mice were on feeding, the EODF mice
had higher RER, their average RER in a whole EODF cycle was relatively lower than that in
their AL counterparts (Figure 1F, S1B). These results indicate that the increased utilization
of lipid, rather than carbohydrate, is responsible for the increased energy expenditure in
EODF mice. Therefore, the EODF treatment appears to favor fat burning.

EODF selectively induces beiging of inguinal WAT but not activation of BAT

Non-shivering thermogenesis is mainly mediated by activating brown and/or beige
adipocytes (Harms and Seale, 2013; Kajimura et al., 2015). Although the above data indicate
a mild mass increase in the interscapular BAT in EODF mice (Figure 1C), Ucp! expression
was significantly suppressed (Figure S2A), and other thermogenic genes including
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peroxisome proliferator-activated receptor gamma coactivator 1-alpha (Pgc/a), and type 11
iodothyronine deiodinase (Dio2), were not upregulated in either the fed or fasted states of
mice treated with EODF (Figure S2B,C). The mechanism by which EODF induces higher
energy expenditure might differ from that of cold exposure, which is closely tied to p-AR
signaling (Cypess et al., 2015; Mund and Frishman, 2013), while fasting is known to
suppress norepinephrine turnover (Knehans and Romsos, 1983) and norepinephrine-induced
thermogenesis in BAT (Hayashi and Nagasaka, 1983). In line with these data, EODF did not
affect the expression of the B3-adrenergic receptor (Adrb3) mRNA in BAT in the fasted
state, and suppressed it in the fed state (Figure S2D).

Intriguingly, and in contrast, EODF induced an obvious browning in subcutaneous (inguinal)
WAT as indicated by tissue color (Figure 1G) and UCP1 expression (Figure 1H,I).
Histological analysis of inguinal WAT in EODF mice also clearly revealed a significant
increase in multilobular adipocytes (Figure 1I), which is a typical characteristic of beige
adipocytes. Although the fold change of Ucp/ mRNA in the fasted state was relatively lower
than in the fed state, the browning phenotype was still pronounced (Figure S3). To determine
the washout period for EODF effect, the 15-cycle EODF-treated mice were placed back on
AL feeding. The elevated Ucp/ mRNA levels in inguinal WAT were significantly
diminished on the 7 day after returning to AL feeding, and fell to normal levels on the 15
day (Figure S4A). However, the effect of EODF on suppressing weight gain was sustained
as the body weight gain was still significantly lower than the AL group on the 15t day
(Figure S4B).

To examine the chronological relationship between WAT beiging and increased energy
expenditure induced by EODF, the mice were exposed to short-term EODF. Following 3
cycles of EODF treatment, evident beiging in inguinal WAT was observed as indicated by a
striking increase in Ucp/ mRNA expression (Figure S5A), while body weight or energy
expenditure were not obviously changed yet (Figure SSB-D). These results suggest the
effects of EODF on energy expenditure and weight loss are subsequent to its effect on WAT
beiging.

The discrepancy of activation between brown and beige cells after EODF conditioning might
be due to restricted B-AR-independent thermogenesis in subcutaneous WAT (Ye et al.,
2013). The present data suggest that the EODF-induced browning might be independent of
B-AR signaling, as EODF treatment significantly down-regulated expression of Adrb3in
both BAT and inguinal WAT under the fed state, and the trend was the same in fasted BAT
and WAT (Figure S2D, S3). To further exclude the role of B-AR signaling, mice were
acclimatized to thermoneutrality (30°C) for 1 day and then treated either AL or EODF over
the entire period at 30°C. The EODF at 30°C still reduced body weight and fat mass, and
induced pronounced inguinal WAT beiging as indicated by increased expression of Ucp/
mRNA, UCP1 protein, other beige fat thermogenic-associated markers and evident beige
morphology (Figure 2A-E).

EODF-induced WAT beiging independent of FGF21 signaling

In addition to B-AR signaling, FGF21 is another classical signaling hormone known to
regulate WAT browning (Dutchak et al., 2012; Harms and Seale, 2013) and the adaptive
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fasting response (Inagaki et al., 2007). However, its expression or its correspondent receptor/
obligate co-receptor expression levels in WAT were not altered after the EODF regimen
(Figure S3). Liver-derived FGF21 is the most important contributor to circulating FGF21
levels and PPARa. is a key regulator of hepatic FGF21 (Markan et al., 2014; Montagner et
al., 2016). In addition, PPARa is known to mediate acute fasting-induced upregulation of
both hepatic Fgf2/ mRNA and circulating FGF21 protein levels (Montagner et al., 2016).
Therefore, Ppara*’* and Ppara~ mice were used to examine the role of hepatic FGF21 in
the beiging phenotype induced by the EODF regimen. Contrary to an acute fasting model,
EODF in wild-type Ppara*'* mice was associated with a modest decrease, not increase, in
FGF21 expression (Figure 2F,G). Ppara”’~ mice on AL had lower basal Fgf2/ mRNA and
circulating FGF21 protein levels (Figure 2F,G). As expected, the EODF regimen in Ppara™'~
mice had no impact on either hepatic Fgf2/ mRNA expression or circulating FGF21 levels
(Figure 2F,G). EODF did however result in a corresponding increase in inguinal WAT Ucp/
mRNA when compared to Ppara™'~ AL animals indicating a comparable beiging phenotype
(Figure 2H); this increase was independent of changes in FGF21. Interestingly, WAT from
Ppara™~ AL mice also exhibited elevated basal Ucp/ expression when compared to Ppara*’*
mice (Figure 2H). This suggests that loss of PPARa signaling promotes a modest increase in
beiging in the absence of EODF. Taken together, these data indicate that EODF-induced
inguinal WAT beiging does not appear to require FGF21.

Gut microbiota orchestrates EODF-induced WAT beiging

Recently, correlative evidence revealed a metabolic interaction between the gut microbial
communities and the host, and gut bacteria have an important role in the regulation of brown
and beige adipose tissues (Chevalier et al., 2015; Holmes et al., 2012; Mestdagh et al., 2012;
Nicholson et al., 2012; Rooks and Garrett, 2016; Zietak et al., 2016). Previous studies
revealed that fasting and feeding rhythms significantly alters the gut microbiota (Secor and
Carey, 2016; Thaiss et al., 2014), and major changes in microbiota composition can directly
promote WAT beiging (Chevalier et al., 2015). Therefore, it is reasonable to speculate that
EODF might induce beiging by altering gut microbiota composition. To test this hypothesis,
cecum microbiota community were profiled by 16S rRNA gene amplicon sequencing.
EODF increased the length of the small intestine (Figure 3A) and caused clear alterations in
the microbiota content as indicated by the generalized UniFrac distances (Figure 3B).
Hierarchical clustering of individual species confirmed an effect of EODF on the gut
microbiome (Figure 3C). According to a previous study (Chevalier et al., 2015), Firmicutes
and Bacteroidetes are the most abundant phyla identified in healthy mice, which were also
present in both EODF and AL groups. However, EODF significantly altered their relative
abundance (Figure 3D). Moreover, significant differences were observed in Operational
Taxonomic Unit (OTU) abundance at the phylum level in Firmicutes, Bacteroidetes,
Actinobacteria and Tenericutes (Figure 3E). The EODF regimen increased the OTU
abundance of Firmicutes, while decreasing most other phyla (Figure 3E). Notably, the ratio
of Firmicutes/Bacteroidetes increased from 3.4 in AL mice to 8.9 in EODF mice.
Intriguingly, mice with similar shifts in the ratio of Firmicutes/Bacteroidetes were reported
to be associated with increased glucose uptake in inguinal WAT, but not in interscapular
BAT (Chevalier et al., 2015). These data are consistent with the present results that EODF
selectively induces beiging of inguinal WAT.
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To investigate whether the EODF-induced microbial shift directly contributes to WAT
beiging, microbiota from EODF and AL mice, referred as EODF microbiota and AL
microbiota respectively, were transplanted to microbiota-depleted mice. Transplantation of
EODF microbiota significantly upregulated inguinal WAT Ucp/ mRNA and increased small
intestine length when compared to the mice transplanted with AL microbiota (Figure 3A and
F). Notably, both the intestine length and Ucp/ mRNA expression in mice transplanted with
AL microbiota also increased versus AL mice (Figure 3A and F), which is consistent with a
previous report that the microbiota depletion promotes WAT beiging (Suarez-Zamorano et
al., 2015). To explore whether the gut microbiota was necessary for EODF-induced beiging,
EODF was performed on the microbiota-depleted mice. Indeed, EODF activated beiging
only in control mice, but not in microbiota-depleted mice, although the microbiota depletion
itself also induced WAT beiging (Figure S6A). Accordingly, the beneficial effects of EODF
on several indices of metabolic function were also decreased when the gut microbiota was
depleted (Figure S6B—G). Therefore, these findings suggest that the effects of EODF on
inguinal WAT beiging might be mediated by the gut microbiota.

To further determine the potential mechanism by which gut microbiota influences EODF-
induced beiging, 'H NMR-based metabolomics was carried out on cecal contents obtained
from long-term and short-term EODF treated mice. In order to maximize the discrimination
between AL and EODF mice, pairwise orthogonal projection to latent structure-discriminant
analysis (OPLS-DA) was performed on normalized NMR data obtained from the cecal
contents. Many metabolites changed after EODF treatment, including acetate, lactate,
formate, bile acids, propionate, succinate, cytidine monophosphate (CMP), with noted lower
levels of trimethylamine (TMA), uracil, and some amino acids including branch chain amino
acids (BCAAs), glycine, tyrosine, histidine, and phenylalanine (Figure 4A ,B). Among these
molecules, acetate and lactate were both increased after EODF treatment after long-term and
short-term EODFs (Figure 4C,D). Consistently, EODF treatment also elevated serum acetate
and lactate levels (Figure 4C,D). Shotgun metagenomics sequencing analysis also showed
that EODF upregulated the pathway of ‘Pyruvate fermentation to acetate and lactate by
Lactobacillus reuterr and ‘Pyruvate fermentation to acetate and lactate by unclassified
bacteria’ (Figure S7). Intriguingly, recent studies indicate both acetate and lactate are
beiging inducers (Hanatani et al., 2016; Kim et al., 2017; Sahuri-Arisoylu et al., 2016). In
addition, both BAT and WAT express proton-linked monocarboxylate transporter 1 (MCT1)
encoded by Mctl, which drives acetate and lactate transport across the plasma membrane of
adipocytes (den Besten et al., 2013; Iwanaga et al., 2009). Given recent evidence that the
expression of Mct! is controlled by physiological stimuli of beiging (Carriere et al., 2014;
De Matteis et al., 2013), the selective upregulation of Mct/ was noted in inguinal WAT but
not in BAT of both long-term and short-term EODF-treated mice (Figure 4E-G). The
induction of Mct! together with changes in serum acetate and lactate levels was abolished in
microbiota-depleted mice and restored in mice transplanted with EODF microbiota (Figure
S6H). Taken together, these data revealed that EODF primarily alters the gut microbiota
composition to promote the generation of acetate and lactate, and subsequently, to induce
inguinal WAT beiging. Moreover, neither thermoneutral condition nor the deficiency of
PPARa abolished the effect of EODF on promoting the increase of Mct/ mRNA expression
in inguinal WAT and of serum acetate and lactate levels (Figure 2A ,]-K), supporting that the
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effect of EODF are independent of B-AR signaling or PPARa, but associated with gut
microbiota-derived metabolites.

EODF ameliorated metabolic syndrome in obese mice

Given that activation of beige cells can suppress obesity and metabolic disease (Harms and
Seale, 2013), the effect of EODF regimen on diet-induced obesity (DIO) mice was explored.
Mice were fed a HFD for 3 months and then subjected to the AL or EODF regimens (15
cycles). EODF mice displayed a pronounced weight loss in contrast to their AL counterparts
without affecting the cumulative food intake (Figure SA,B). EODF mice had dramatically
lower body weights, which correlated with the number of EODF cycles (Figure 5C).
Consistent with the above data that EODF upregulated G/ut4 in lean mice (Figure S3),
EODF also increased inguinal WAT Glut4 mRNA expression and thus improved insulin
sensitivity in DIO mice (Figure 5D,E). Moreover, liver steatosis and injury markers in EODF
mice were obviously ameliorated (Figure SF). EODF resulted in a significant reduction of
inguinal fat mass than that of epididymal fat mass (Figure 5G). Thus, EODF could
differentially impact visceral and subcutaneous fat depots.

BAT and inguinal WAT gene expression in DIO mice in response to the EODF regimen
displayed a similar trend with those in lean mice. Ucp/ and Pgcl/a mRNAs upregulation
only occurred in inguinal WAT, but not BAT, of EODF mice (Figure 5D, H). The mRNAs
encoding B-AR, and FGF21 signaling-related receptors were not altered (Figure 5D). These
results hint that EODF-induced WAT beiging might be involved in its beneficial effects on
obesity-associated metabolic syndrome in DIO mice.

Gut microbiota contributes to the beneficial effects of EODF on DIO mice

Gut microbiota plays a critical role in energy metabolism and lipid homeostasis, and
germfree or microbiota-depleted rodents have decreased susceptibility to diet-induced
obesity and metabolic syndrome (Backhed et al., 2007; Rabot et al., 2010; Suarez-Zamorano
et al.,2015). Based on the above findings, EODF treatment could alter the microbiota
compositions and prevent HFD-induced obesity and metabolic disorders. To further clarify
the role of gut microbiota in mediating the beneficial effects of EODF regimen on metabolic
diseases, the effect of EODF in control and microbiota-depleted DIO mice was compared.
EODF treatment significantly reduced obesity and hepatic steatosis, and improved insulin
sensitivity in control mice, but not in microbiota-depleted mice (Figure 6A-G), indicating
that the effects of EODF depends on gut microbiota. To examine whether gut microbiota is
sufficient to replicate the effects of EODF, microbiota-depleted DIO mice were transplanted
with AL microbiota and EODF microbiota, respectively. Compared with the AL microbiota-
transplanted group, EODF microbiota transplantation did mimic all the beneficial effects of
EODF treatment on metabolic dysfunctions (Figure 6A—-H). Moreover, in line with the above
results from lean mice, EODF-induced inguinal WAT beiging only occurred in control DIO
mice, but not in their microbiota-depleted counterparts (Figure 7A). EODF microbiota
transplantation to DIO mice promoted inguinal WAT Ucp/ mRNA and UCP1 protein
expression, increased multilobular adipocytes and enhanced energy expenditure with lower
RER (Figure 7B-F). Accordingly, elevated serum acetate and lactate levels and inguinal
WAT Mct! mRNA by EODF treatment were abolished by microbiota depletion but restored
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by EODF microbiota transplantation (Figure 7A ,B,G,H). These findings underscore an
important role for gut microbiota in the beneficial effects of EODF on WAT beiging and the
subsequent improvements in metabolic diseases.

DISCUSSION

In this study, EODF was found to substantially induce beiging in subcutaneous inguinal
WAT. Although many agents and treatments were reported to induce browning (Bonet et al.,
2013; Jiang et al., 2015; Wu et al., 2013), it is unclear how these approaches can translate to
clinically-relevant therapies for human metabolic disease (Nedergaard and Cannon, 2014).
In contrast, intermittent fasting (including EODF) has been practiced in humans, especially
in certain religious groups (Patterson et al., 2015), for centuries, and has proven to benefit
body composition and health (Eshghinia and Mohammadzadeh, 2013; Lopez-Bueno et al.,
2014; Patterson et al., 2015). To date, few studies have looked at whether this regimen can
induce WAT beiging. Most fasting-related studies have focused on BAT but not
subcutaneous WAT and found that fasting both suppresses BAT UCP1 expression and
norepinephrine-induced thermogenesis (Desautels and Dulos, 1988; Hayashi and Nagasaka,
1983; Sivitz et al., 1999). In support of these finding, results from the current study
identified lower Ucp/ and Adrb3 mRNA expression in BAT of EODF mice. However, this is
not the case in subcutaneous WAT, as revealed in the current study; UCP1 expression was
dramatically upregulated after intermittent fasting.

A striking finding from this study is that EODF selectively activates beige but not brown
adipocytes. Cold acclimation was originally found to increase the number of brown
adipocytes in the parametrical fat pad in mice (Young et al., 1984). Since that finding, more
than a hundred alternate treatments have been shown to activate both brown and beige
adipose (Bonet et al., 2013; Wu et al., 2013). Brown adipocyte activation by cold exposure
or B-AR agonists is clinically non-feasible, and adult human BAT is largely composed of
beige-like adipocytes (Shinoda et al., 2015). Therefore, understanding the underlying
mechanisms driving the selective beiging of certain white depots during EODF could reveal
new therapeutic targets for the prevention and treatment of metabolic disease, which might
provide alternative pharmaceutical options for those who cannot sustain intermittent fasting
for long periods of time.

Implicit in the present findings is that gut microbiota mediates the mechanism of EODF-
induced beiging. Despite the many proposed mechanisms for adipose browning, f-AR
signaling is still the prototypical pathway and currently the most intensely studied
(Robidoux et al., 2004; Susulic et al., 1995). While BAT activation mainly depends on the -
AR signaling, the browning of subcutaneous WAT under certain conditions might be
independent of B-AR signaling (Ye et al., 2013). Consistently, EODF only activated
subcutaneous WAT, but not BAT, and the mechanism for EODF-induced beiging might be
independent of the B-AR signaling. Recent studies have shown interactions between the host
and gut microbiota affect many aspects of energy metabolism (Takeda, 2016). The
microbiome influences cold-induced adipose beiging and modulates metabolic syndrome
and other diseases (Chevalier et al., 2015; Holmes et al., 2012; Suarez-Zamorano et al.,
2015). Intriguingly, EODF alters gut microbe composition in a similar way as a previous
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report that supports a causal role of microbiota in WAT beiging (Chevalier et al., 2015).
Transplantation of EODF microbiota to microbiota-depleted mice promoted beiging of
inguinal WAT, while EODF cannot induce beiging in the absence of gut microbiota,
suggesting that gut flora is required for EODF-induced WAT beiging. It should be noted that
microbiota-depleted mice were established by antibiotics treatment in the current study. We
cannot exclude the possibility that some metabolic changes may due to the absorbed fraction
of antibiotics.

Another important finding from the present study is that EODF causes dramatic weight loss
and attenuates metabolic dysfunction in mice by directly activating beige cells through
shaping gut microbiota. A recent report revealed that restricting feeding periods prevents
HFD-induced weight gain and metabolic syndrome without reducing total caloric intake,
and these effects were attributed to alterations in circadian rhythms (Hatori et al., 2012). The
present work revealed that EODF treatment also does not affect cumulative food intake, thus
demonstrating that weight loss may result from increased energy expenditure. Conversely,
EODF treatment did not appear to affect circadian rhythms, as rectal temperature profiles
and metabolic curves in EODF animals paralleled those of the AL control groups. Therefore,
the mechanism for EODF-induced weight loss does not appear to be the result of circadian
perturbation. On the other hand, the prominent function of activated beige cells is to promote
thermogenesis and suppresses obesity (Ishibashi and Seale, 2010; Shabalina et al., 2013; Wu
et al., 2012). The present study reveals pronounced beiging of inguinal WAT, and the
mechanism for this EODF-induced improvement in metabolic syndrome could be, at least in
part, attributed to increased thermogenesis as a result of WAT beiging. Moreover, consistent
with an important role for gut microbiota in inducing beiging, EODF microbiota
transplantation can reproduce the effects of EODF regimen, and EODF fails to further
improve obesity-related diseases in microbiota-depleted mice.

In summary, the present work uncovered novel perspectives on beige-fat development in the
inguinal WAT. EODF was shown to selectively activate beige fat probably by re-shaping the
gut microbiota leading to increased beiging stimuli acetate and lactate. EODF also
dramatically ameliorated metabolic syndrome in a mouse model of obesity. This alternative
beige fat activation by EODF offers new insights into the microbiota-beige fat axis and
provides a novel therapeutic approach for the treatment of obesity-related metabolic
disorders.

STAR METHODS

Detailed methods are provided in the online version of this paper and include the following:

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit polyclonal anti-UCP1 Abcam Cat# ab10983; RRID:
AB_2241462
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Bacterial and Virus Strains

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

bacitracin Sigma-Aldrich Cat# B0125; CAS: 1405-87-4
gentamycin Sigma-Aldrich Cat# G1914; CAS: 1405-41-0
ciprofloxacin Sigma-Aldrich Cat# 17850; CAS: 85721-33-1
neomycin Sigma-Aldrich Cat# N6386; CAS: 1405-10-3
penicillin Sigma-Aldrich Cat# A70909; CAS: 551-16-6
metronidazole Sigma-Aldrich Cat# M1547; CAS: 443-48-1
ceftazidime Sigma-Aldrich Cat# C3809; CAS: 120618-65-7
streptomycin Sigma-Aldrich Cat# 46754; CAS: 3810-74-0
vancomycin Sigma-Aldrich Cat# v2002; CAS: 1404-93-9
Normal rabbit IgG Santa cruz Cat#SC-2027

Critical Commercial Assays

ALT assay kit

Catachem Inc

Cat# V165-12

Mouse FGF21 ELISA Kit

R&D Systems

Cat# MF2100

Wako Clinical Diagnostics kits

Wako Life Sciences, Inc

Cat# 994-02891/992-02892; Cat#
990-02991/998-02992; Cat#
464-01601

E.Z.N.A.® Stool DNA Kit

OMEGA bio-tek

Cat# D4015-02

Deposited Data

16S rRNA sequencing data

SRA

accession number #
PRINA398633

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

Mouse: C57BL/6

Charles River Laboratories

Strain Code: 027

Mouse: Ppara wild-type (Ppara+/+): (Lee et al., 1995) N/A
C57BL/6

Mouse: Ppara-null (Ppara—/-): C57BL/6 (Lee et al., 1995) N/A
Mouse: Ppara floxed (Pparafl/fl): Brocker et al., 2017 N/A
C57BL/6

Oligonucleotides

Primers for qPCR, see Table S1 This paper N/A
Recombinant DNA

Software and Algorithms

GraphPad Prism 7.0 http://www.graphpad.com/ N/A
SIMCA-P+ software 13.0 http://umetrics.com/ N/A
MATLAB The Mathworks Inc N/A

MATLAB Script and Data

R script and data for key statistical
results

Available upon request to the Lead
Contact.

Other
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Frank J. Gonzalez (gonzalef@mail .nih.gov), following an
approved Material Transfer Agreement between the National Cancer Institute and the
receiving institution.

EXPERIMENTAL MODEL DETAILS

Animals—All mouse studies were approved by the NCI Animal Care and Use Committee
and performed in accordance with the Institute of Laboratory Animal Resources guidelines.
Six-week-old male C57BL/6N mice were purchased from Charles River Laboratories. The
Ppara wild-type (Ppara*’*) and conventional Ppara-null (Ppara~'~) mice on a pure
C57BL/6N background used in this study were described previously (Lee et al., 1995). Mice
were housed in a temperature (22°C)- and light-controlled vivarium with free access to water
and standard rodent chow food or high fat diet (HFD) (S3282 from Bio-Serv). All
experiments were started with 7- to 8-week-old mice.

METHOD DETAILS

EODF treatment—Mice were randomly grouped to ad libitum (AL) group and every other
day fasting (EODF) group. All mice were co-housed (2 mice per cage) on chow diet or
single housed on HFD for 2 weeks prior to study initiation to allow for acclimation to the
animal facility and were then placed on chow diet or HFD. Under the chow diet, the AL
group mice were allowed unrestricted access to food, while EODF groups were fed with
alternating 24 h periods (15 cycles for long-term study and 3 cycles for short-term study) of
free access to food followed by 24 h fasting. Under the HFD, mice were allowed unrestricted
access to HFD for 3 months to induce an obese phenotype then randomly separated into AL
and EODF groups and subjected to the AL or EODF feeding regimen (15 cycles). For EODF
at thermoneutrality, mice were acclimatized to thermoneutrality (30°C) for 1 day and then
treated either AL or EODF over the entire period at thermoneutrality (30°C) condition. Body
weight was measured daily. Food intake was calculated daily quantifying the weight of the
remaining food. Data were normalized to the body weight of the mice.

Gut microbiota transplantation —Microbiota transplantation were done according to a
previous study (Chevalier et al., 2015). In brief, fresh antibiotics (1 mg/ml bacitracin, 170
mg/ml gentamycin, 125 mg/ml ciprofloxacin, 100 mg/ml neomycin, 100 U/ml penicillin,
100 mg/ml metronidazole, 100 mg/ml ceftazidime, 50 mg/ml streptomycin and 50 mg/ml
vancomycin, Sigma) were added into the drinking water of mice, and changed once a week.
After 4 weeks of antibiotics treatment, the antibiotics-containing water was replaced with
the regular water. The microbiota-depleted mice were co-housing with AL or EODF donor
animals on the fed day and kept in the donors’ cages on the fasted day for four days, and
then transplanted with AL or EODF microbiota by gavaging with 20 mg fresh feces from
donors re-suspended in 400 yul sterile anaerobic PBS. Following transplantation, the mice
were co-housed with AL or EODF donor animals on the fed day and kept in the donors’
cages on the fasted day for another 10 days. Then, animals were euthanized and tissues
collected.
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Gut microbiota profiling—Bacteria from cecal contents were extracted with the E.ZN.A
stool DNA kit (OMEGA bio-tek) according to the protocol provided. Extracted DNA was
measured by Nanodrop and aliquots were taken to provide a final concentration of 20 ng/ul
for each DNA sample. PCR analysis was performed on the aliquoted DNA using the V4-V4
primer set. PCR mixtures were initially heated to 94°C for 3 min, followed by 20 cycles of
94°C for 15 s, 55°C for 45 s, and 72°C for 60 s. Reactions were completed at 72°C for 8
minutes. The PCR products were analyzed by running 5 ul of the product on a 1% agarose
gel and found to average of 350 base pairs. PCR products were sent to the Penn State
Genomics Core Facility (University Park, PA) for library preparation. Paired end sequencing
was performed on the Illumina Miseq platform, and the sequencing results sent back for
analysis. 16S rRNA gene amplicon sequence results were analyzed using the MOTHUR
platform (Kozich et al., 2013) and aligned to SILVA and Green Genes databases separately.
Analysis to the SILVA database provided data for GUnifrac analysis. A phylogenic tree and
Operation Taxonomic Unit (OTU) table were obtained from the Mothur Bayesian classifier
(Kozich et al., 2013) and uploaded to R studio for GUnifrac analysis (Chen et al., 2012).
After Green Genes alignment, a .biom file was created and uploaded onto the Huttenhower
galaxy page. PICRUSt analysis was done on the .biom file resulting in a pathway abundance
file (Langille et al., 2013). LEfSe (Segata et al., 2011) was used to obtain statistically
significant and biologically relevant pathways from pathway abundance file.

Cecal NMR metabolomics —The cecal content samples for NMR was prepared as
previously described (Tian et al., 2012). 'H NMR spectra were recorded at 298 K on a
Bruker Avance III 600 MHz spectrometer equipped with an inverse cryogenic probe (Bruker
Biospin, Germany). NMR spectra of all the cecal content samples were acquired for each
employing the first increment of NOESY pulse sequence (NOESYPR1D) with the recycle
delay (RD) of 2 s and mixing time (t,,) of 100 ms. The 90° pulse length was adjusted to
about 10 s for each sample and 64 transients were collected into 32 k data points for each
spectrum with spectral width of 20 ppm. The chemical shift of 'H NMR spectra were
referenced to TSP at §0.00. Each bucketed region (0.004 ppm) was then normalized to the
total sum of the spectral integrals prior to statistical data analysis. Orthogonal projection to
latent structure-discriminant analysis (OPLS-DA) were carried out using the SIMCA-P+
software (Version 13.0, Umetrics, Sweden). Back-transformed loadings from the OPLS-DA
models were performed with color-coded correlation coefficient for variables, using an in-
house developed script for MATLAB (The Mathworks Inc., Natwick, MA). The metabolites
were assigned based on the published data and confirmed with a series of 2D NMR
experiments (Tian et al., 2012). The relative contents of lactate at 6 1.33 and acetate at &
1.92 were calculated against the total sum of the spectral integrals.

Gut bacteria metagenomic assay—Bacteria from cecal contents were extracted with
the E.Z.N.A stool DNA kit (OMEGA bio-tek) according to the protocol provided by the
manufacturer. Bacterial extracts were measured with nanodrop and raw bacterial isolation
samples were transferred to the Pennsylvania State University Genomics Core Facility for
Illumina Hiseq shotgun metagenomic sequencing (150x150 paired end). The TruSeq DNA
PCR free kit was used to prepare libraries for metagenomic analysis. The Humann2
(Abubucker et al., 2012) pipeline was used for functional pathway discovery on the samples.
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This pipeline uses the MetaPlAn 2 (Truong et al., 2015) software to assign taxonomic
information to the Hiseq reads being sequenced. Assigned reads were piped into Bowtie2
(Langmead and Salzberg, 2012) which provided functional information to the taxonomic
assigned reads with the ChocoPhlAn database. Unassigned reads were piped into
DIAMOND which converts the DNA reads into protein sequences and aligns them to a
protein database to obtain functional information (Buchfink et al., 2015). Results from
DIAMOND and results from Bowtie 2 are piped into the core algorithms of Humann2 which
results in a gene families file, a pathway coverage file, and a pathway abundance file.
Pathways with coverage below 30% were be removed from further analysis. LEfSE (Segata
et al.,2011) was be used to obtain biological relevance and statistical significance from the
functional information. A student’s t test was be used concordantly to obtain significance.

Serum lactate and acetate determination—Gas chromatography—mass spectrometry
(GC-MS) analysis was performed with an Agilent 6890N gas chromatograph coupled to an
Agilent 5973 mass-selective detector (Agilent Technologies, Santa, CA). Data processing
were conducted with Agilent mass hunter work station software (Agilent Technologies). For
lactate, serum was prepared and analyzed as previously described by GC-MS (Patel et al.,
2017). For acetate quantification, serum was spiked with 2-butynioc acid (internal standard,
10 uM) in acetonitrile. The samples were centrifuged at 20,000g for 10 min at 4°C and the
supernatants were dried in a Speed Vac concentrator at room temperature. The residue was
dissolved in methanol : H>O (80:20, v/v, pH 2-3) and injected into the GC-MS.

Body composition and indirect calorimetry —Body fat and lean mass of non-
anesthetized live mice were determined using an EchoMRI 3-in-1 mouse scanner
(EchoMRI, Houston, TX) following manufacturer’s protocol. Indirect calorimetry was
performed on mice after 14 cycles of EODF treatment using a 12-chamber Environment
Controlled CLAMS (Columbus Instruments, Columbus, OH) with one mouse/chamber as
previously described (Abreu-Vieira et al., 2015). After 48-h acclimatization, mice were
monitored for 24 h at feeding state and then 20 h at fasting state for recording data. During
testing, water was provided ad libitum. Locomotor activity was determined at the same time
as energy expenditure was measured using infrared beam interruption.

Glucose tolerance test—Mice were fasted for 6 h, and fasted glucose was measured
using a Glucometer (Bayer, Pittsburgh, PA) by tail bleeds. Then mice were intraperitoneally
injected with 2 g glucose/kg of body weight, and blood glucose was measured at intervals of
20 min for 2 hrs.

Lipid analysis—For analysis of liver lipid content, 20 mg of frozen liver was
homogenized by Tissuelyser-96 (Shanghai Jingxin Co. Ltd, Shanghai, China) in 400 ul of 50
mM Tris with 5% Triton-X 100, and then the samples were heated to 80-100 °C and cooled
to room temperature (repeated twice). After centrifugation supernatants were diluted 10 fold
and quantified using Wako Clinical Diagnostics kits (Wako USA, Richmond, VA).

Serum aminotransferase assay —Serum alanine aminotransferase (ALT) were assessed

in a 96-well microplate using a commercial ALT assay kit (Catachem, Bridgeport, CT), and
monitored at 340 nm for 10 min with a microplate reader (BioAssay Systems, Harvard, CA).
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Serum FGF21 assay—Serum fibroblast growth factor 21 (FGF21) were assessed in a 96-
well microplate using a mouse/rat FGF21 quantikine ELISA kit (R&D Systems), and read at
450 nm with a microplate reader.

Real-time PCR—Total RNA was extracted from frozen tissues using TRIzol reagent
according to the manufacturer’s instructions. The purity and concentration of the total RNA
were determined by a NanoDrop spectrophotometer (ND-1000, Thermo Fisher). Fifty ng of
total RNA was reverse transcribed using cDNA Synthesis SuperMix (Biotool.com). Real-
time PCR was carried out in an ABI 7900HT Fast Real-Time PCR System (AB Applied
Biosystems, Warrington, UK) with SYBR Green PCR master mix (AB Applied Biosystems)
and gene-specific primers. The sequence and Genbank accession number for the forward
and reverse primers used to quantify mRNA were listed in the Supplementary table 1. The
following conditions were used for real-time PCR: 95°C for 10min, then 95°C for 15 sec
and 60°C for 1 min in 40 cycles. The 2= ACT method was used to analyze the relative
changes in gene expression normalized against 18S rRNA expression.

H&E and immunohistochemistry staining— All tissues were fixed in 4%
paraformaldehyde for 24 h at room temperature, dehydrated and embedded into paraffin.
Then tissues were sectioned into thick slices (4 ym) and stained with hematoxyline and
eosin (H&E). For immunohistochemistry, slides were at first rinsed with 0.05 % Triton-X
100 in PBS, and non-specific binding sites were blocked using 1% bovine serum albumin
(BSA) in PBS containing 0.05% Tween 20. Epitope retrieval was carried out using autoclave
(15 min in citrate buffer, pH 6.0). After cooling to room temperature, the slides were
incubated overnight at 4°C with rabbit polyclonal a nti-UCP1 primary antibody (ab10983;
Abcam) diluted 1:500 in PBS containing 1% BSA. The slides were rinsed in distilled water,
followed by treating with HRP-conjugated goat anti-rabbit IgG using the ABC method with
a commercially available kit (Vector Laboratories, Burlingame, CA) according to the
manufacturer’s instruction. Immunovisualization was carried out with 3, 3’-
diaminobenzidine (DAB) as substrate (Sigma), and counterstained with hematoxylin. Slide
digital images were collected at 10—40x magnification with a KEYENCE BZ-X710
Fluorescence Microscope (Keyence Inc., Itasca, IL). Images shown are representative results
of at least three biological replicates.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis — All results are expressed as means + SEM. Computations assumed
that all groups were samples from populations with the same scatter. The investigators
involved in this study were not completely blinded during sample collection or data analysis
in the animal experiments. Outliers were identified by outlier analysis using the ROUT
method (Prism 7.0 software, GraphPad Software, San Diego, CA) and excluded from
statistical analyses. Significance was determined by (multiple) two-tailed unpaired ~test,
one-way ANOVA with Bonferroni posttest, or two-way ANOVA with Sidak multiple
comparisons using Prism 7.0 software. A P value of <0.05 was considered significant.
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DATA AND SOFTWARE AVAILABILITY

MATLAB Script and Data—The MATLAB script and associated data (which were used
to make the back-transformed loading graphs in Figure 4A B) will be provided upon request
to the Lead Contact.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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