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Scientific Report

Gut microbiota directs PPARc-driven
reprogramming of the liver circadian clock by
nutritional challenge
Mari Murakami1,†, Paola Tognini1,†, Yu Liu2, Kristin L Eckel-Mahan1,3, Pierre Baldi2 &

Paolo Sassone-Corsi1,*

Abstract

The liver circadian clock is reprogrammed by nutritional challenge
through the rewiring of specific transcriptional pathways. As the
gut microbiota is tightly connected to host metabolism, whose
coordination is governed by the circadian clock, we explored
whether gut microbes influence circadian homeostasis and how
they distally control the peripheral clock in the liver. Using fecal
transplant procedures we reveal that, in response to high-fat diet,
the gut microbiota drives PPARc-mediated activation of newly
oscillatory transcriptional programs in the liver. Moreover, anti-
biotics treatment prevents PPARc-driven transcription in the liver,
underscoring the essential role of gut microbes in clock repro-
gramming and hepatic circadian homeostasis. Thus, a specific
molecular signature characterizes the influence of the gut micro-
biome in the liver, leading to the transcriptional rewiring of
hepatic metabolism.
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Introduction

Circadian rhythms are intimately linked to a large array of physio-

logical processes, metabolic control, immune responses, hormonal

regulations, and behavior [1,2]. The mammalian central pacemaker

is localized in the hypothalamus, in a paired neuronal structure

called the suprachiasmatic nucleus (SCN). The discovery that all

tissues and virtually all cells contain an intrinsic circadian clock

revolutionized the field, providing a conceptual framework toward

the understanding of organismal homeostasis and physiological

tissue-to-tissue communication [3–10]. It has been recently demon-

strated that misalignment of the peripheral clocks with the SCN may

contribute to a variety of pathological conditions [11]. Indeed,

disruption of the circadian clock has been shown to lead to

imbalance in metabolic homeostasis, contributing to a number of

pathologies [12–15].

Accumulating evidence reveals that changes in nutritional

regimes, including time-restricted feeding and challenge by high-fat

diet (HFD), extensively influence liver circadian metabolism

[16–18]. Importantly, the clock system undergoes a metabolic and

transcriptional reprogramming in response to nutritional challenge,

which involves the cyclic activation of otherwise non-circadian tran-

scription factors. Specifically, oscillation of peroxisome proliferative

activated receptor-c (PPARc) and its recruitment to chromatin

drives a significant fraction of the HFD-induced liver clock repro-

gramming [19].

As dietary intake drastically affects the microbial community

structure residing in the gut [20–23], we sought to explore whether

gut microbes might be responsible for the reprogramming of hepatic

circadian rhythmicity. Indeed, while it has been demonstrated that

HFD-induced adiposity is transmissible via microbiota transfer

[20,24] and that the gut microbiota contributes to circadian clock

function [25,26], little is known about the molecular signatures

through which gut microbes regulate clock function in a distal

tissue. This question has unique relevance with respect to circadian

biology as gut bacteria are considered to constitute an additional

host organ, and it has been shown that they have important influ-

ences on host developmental and physiological processes [27–30].

Here, we show that a significant fraction of HFD-induced transcrip-

tional reprogramming of the liver clock by PPARc [19] is mediated

by the gut microbial communities. This finding provides new

insights into the connection between gut microbiome and the host’s

circadian metabolism. Indeed, we describe a specific molecular

mechanism within the liver clock that interprets gut microbiota-

driven signals to serve the interplay between the gut and hepatic

metabolism.
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Results and Discussion

Microbial transfer mimics HFD-induced changes in
liver metabolism

To determine whether the HFD-induced metabolic phenotype is

transmissible through microbial transfer, we colonized control chow

(CC)-fed recipient mice with microbial communities freshly

harvested from donors fed CC or HFD (weighed 25.82 � 0.36 g and

40.15 � 1.55 g, respectively; for details see Materials and Methods).

Consistent with previous reports [20,31], the gut microbiome

derived from HFD-fed donors (HF-D) contained an increased frac-

tion of Firmicutes and lower levels of Bacteroidetes as compared to

CC-fed donors (CC-D) (Fig EV1A).

Ten days following the final fecal transplantation, HF-D feces

recipient (HF-R) had significantly more epididymal (2.52 � 0.08%

versus 1.97 � 0.10%) and mesenteric (1.32 � 0.04% versus

1.19 � 0.04%) fat pad mass than CC-D feces recipient (CC-R)

(Fig 1A), whereas body weight and blood glucose levels were not

affected (Fig EV1B and C). Also, an increase in lipid abundance in

the liver was evident in HF-R compared to CC-R, which paralleled

hepatic histology of HFD-fed animals (Fig 1B and C). This meta-

bolic profile strongly suggests that transmission of the HFD-

induced phenotype depends directly on microbiota transplantation.

As expected, CC-R and HF-R mice displayed a significant dif-

ference in their microbiota composition (Fig 1D). There was an

increase in the levels of Actinobacteria in HF-R compared with

CC-R as well as in Coriobacteriaceae, which have been previously

associated with obesity [32]. Moreover, HF-R microbiota was

enriched in Mollicutes, in line with observations indicating that

this class of bacteria is involved in diet-induced obesity in mice

[24,33].

A

D

B C

Figure 1. Metabolic phenotype induced by fecal transplantation.

A % fat mass/body weight of recipient mice (n = 34 per group, Student’s t-test, *P < 0.05, ***P < 0.001). Error bars represent SEM. MF: mesenteric fat, EF: epididymal
fat. CC-R: control chow-feces recipients, HF-R: high-fat diet-feces recipients.

B Oil Red O staining of livers after 2 weeks of diet challenge (Diet) or fecal transplantation (FT). Fat vesicles were photographed at 100× magnification. CC: control
chow, HF: high-fat diet. Scale bar, 0.1 mm.

C Fold change in lipid droplet area (n = 3–5 each group, diet: Mann–Whitney rank-sum test *P < 0.05; fecal transplantation: unpaired, two-tailed Student’s t-test
P = 0.1). Error bars represent SEM.

D Cladogram generated from LEfSe analysis showing the differentially abundant microbiota from CC-R and HF-R.
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Interestingly, in accordance with the notion that the gut micro-

biota elicits a profound effect on bile acid metabolism and on gut

Farnesoid X receptor (FXR) signaling [34,35], we found that expres-

sion of Fxr and FXR target genes fatty acid binding protein-6

(Fabp6), organic solute transporter-a (Osta) and organic solute

transporter-b (Ostb) to be significantly upregulated in the HF-R

ileum (Fig EV1D), confirming the remodeling of the gut microbiome

by fecal transplantation in recipient mice. As previous studies

demonstrated that gut microbiota is able to promote an obesity

phenotype through FXR [36], it is conceivable that phenotypic

differences between HF-R and CC-R were at least in part attributable

to FXR signaling alteration.

Rewiring of the hepatic circadian clock by HFD and HFD-derived
gut microbiome

Circadian regulation plays an important role in liver functions,

as bile acids, lipids, cholesterol, and glucose are all subject to

diurnal control [37]. In order to investigate how gut microbial

remodeling affects the circadian clock machinery in the liver, we

examined hepatic gene expression in mice receiving fecal

transplants from CC- or HFD-fed mice. Livers were collected at

4-h intervals along the circadian cycle, starting at 10 days

following the final fecal transplantation (FT). It has been previ-

ously described that HFD, while inducing an extensive repro-

gramming of alternative transcription pathways, does not

significantly influence the rhythmicity of the core clock genes,

causing modest changes in the phase and amplitude of transcript

oscillation [17–19]. Livers from CC-R and HF-R followed the

same pattern, with clock genes such as Bmal1, Per2, Rev-erba,

and the CLOCK:BMAL1-driven gene albumin D-box binding

protein (Dbp) robustly rhythmic and slightly phase advanced in

HF-R (Fig 2A). These profiles perfectly mirrored the ones of the

corresponding transcripts in HFD-fed mice, as shown by the dif-

ference between HF and CC expression profiles (delta (HF-CC))

in each condition (diet and FT) (Fig 2B). This analysis under-

scores that the effect of HF fecal transplant on the liver clock

parallels the one of HFD. Finally, BMAL1 phosphorylation,

known to contribute to BMAL1-driven circadian activity [38,39],

was virtually unaltered between CC-R and HF-R (Fig 2C), show-

ing a mild phase advance in BMAL1 phosphorylation in HF-R

compared to CC-R, in keeping with the phase advance of BMAL1

A

B

C

Figure 2. Core clock genes and BMAL1 protein expression.

A qPCR of core clock genes (n = 5–6 each group, two-way ANOVA, post hoc Holm–Sidak comparisons, *P < 0.05). Error bars represent SEM.
B Clock gene expression comparison between HFD-fed and HFD-R mice. Every square in the graphs represents the difference between HF and CC qPCR values (delta

(HF-CC)) in each condition (Diet or FT) at each time point.
C Representative image of immunoblot analysis of BMAL1 in nuclear fraction throughout the circadian cycle. C: CC-R, H: HF-R. On the right, ratio between

phosphorylated BMAL1 and non-phosphorylated BMAL1 is shown.
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targets observed in HF-R mice (Fig 2A). Our data demonstrate

that the liver core clock is only slightly modulated by HFD-

dependent alteration in gut microbiota composition. On the other

hand, metabolic changes triggered by the microbiota affect liver

functions that in turn can influence clock-driven circadian physi-

ology.

A

C

E

D

B

Figure 3. PPARc-driven transcriptional reprogramming induced by microbial transplantation.

A Heat maps representing the genes significantly downregulated or upregulated in HF feeding and HF fecal transplantation at ZT0 and ZT12 (n = 4, Cyber t-test
P < 0.05).

B Heat map of PPARc target genes upregulated in both HFD feeding and HF-R at ZT12 (n = 4, Cyber t-test P < 0.05).
C KEGG pathway analysis of genes downregulated at ZT12 in both HF feeding and HF-R.
D KEGG pathway analysis of genes upregulated at ZT12 in both HFD feeding and HF-R.
E Venn diagram and heat map of metabolites whose expression increased in both HFD feeding and HF-R at ZT12 (n = 5, Cyber t-test P < 0.05).

Source data are available online for this figure.
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HFD and HFD-induced dysbiosis share a specific
transcriptional program

To assess the impact of dysbiosis on the liver of fecal-transplanted

animals, we performed transcriptome analysis by studying genes

differentially expressed at ZT0 and ZT12 (the end and the begin-

ning of the mouse active phase). At ZT0, 367 transcripts were

downregulated and 871 were upregulated in HF-R compared to CC-

R. On the other hand, 416 transcripts were downregulated and

2,071 were upregulated in HF-R compared to CC-R at ZT12. These

results were then compared to our previous liver transcriptome

data from 10-weeks HFD-fed animals [19] to identify common regu-

latory pathways. We performed pathway analyses both for genes

shared by HF feeding and FT (Fig 3C and D) and for genes exclu-

sively regulated by either HFD feeding or HF-FT with respect to

their CC group (Fig EV2). Of all transcripts found to be upregulated

in both HFD-fed mice and HF-R compared to CC-fed and CC-R

respectively at ZT12, 133 transcripts were shared (Fig 3A, Source

Data). Singular enrichment analysis of KEGG pathways of the over-

lapping genes revealed several categories related to lipid metabo-

lism, such as “biosynthesis of unsaturated fatty acids” and “PPAR

signaling pathway” (Fig 3D). On the other hand, 109 genes

appeared in the group of transcripts that were downregulated in

both HFD-fed animals and HF-R at ZT12 (Fig 3A). In contrast to

“up in both high-fat groups” at ZT12, we found unique annotations

including “protein processing in endoplasmic reticulum”, “RNA

transport”, and “protein transport” (Fig 3C). At ZT0 (Fig 3A,

Source Data), “steroid hormone biosynthesis pathway” was found

“down in both high-fat groups” while no liver-associated annota-

tions were enriched in “up in both high-fat groups” (see Table EV1

for details). The comparative analyses between high-fat feeding and

HF-R transcriptome data revealed that lipid metabolism is the prin-

cipal biological process, which is influenced by both high-fat feed-

ing and HFD-induced dysbiosis. Moreover, the categories related to

lipid metabolism present in our gene ontology analysis suggest

ZT12 as the most relevant ZT involved in the transcriptional modi-

fications induced by both HFD and HF-R conditions.

Gut microbial remodeling induces circadian PPARc recruitment
in HF-R

A prominent pathway through which high-fat feeding induces

remodeling of the liver clock is the de novo cyclic activation of

PPARc [19]. PPARc is abundantly expressed in adipose tissue and it

is less abundant in the liver under physiological conditions, however

it is induced in hepatic steatosis or in obesity [40,41]. Based on the

signatures of transcriptome analyses, we speculated that PPARc-
driven reprogramming induced by high-fat feeding might be medi-

ated by microbial alteration. Thus, to address this issue, we crossed

133 genes “up in both high-fat groups” with previously established

PPARc-ChIP Seq analysis data [42,43]. Notably, we found that 17

out of the 133 (12.8%; P = 0.006) genes, including DFFA-like

effector c (Cidec), acyl-CoA thioesterase 2 (Acot2), and phospholipid

transfer protein (Pltp) (Fig 3B), were PPARc targets. Notably,

comparative analysis of the liver metabolome at ZT12 (Source Data)

revealed that 6 out of 7 metabolites, which were significantly

increased in both HFD-fed animals and HF-R at ZT12, were long-

chain fatty acids, and some of them, such as palmitoleate and oleate,

are possible ligands of PPARc [44,45] (Figs 3E and EV3C). Indeed,

gene expression of lipogenic enzymes catalyzing the synthesis of

these long-chain fatty acids such as acetyl-CoA carboxylase 1 (Acc1),

fatty acid elongase 6 (Elovl6), and stearoyl-CoA desaturase 1 (Scd1)

and its transcription factor SREBP1 were significantly upregulated in

HF-R compared to CC-R (Fig EV3A–C). Furthermore, it is reported

that PPARc enhances lipogenic gene expression in the liver and

induces hepatic lipid accumulation [40,41]. Taken together, our

comprehensive analyses confirm that microbial remodeling induces

ZT-dependent PPARc pathway activation at a global transcriptional

level in the liver accompanied by hepatic metabolites alteration.

Based on these results, we next analyzed the PPARc transcrip-

tional pathway along the circadian cycle. Gene expression of Pparg

and its target genes Cidec, Pltp, Acot2 and pyruvate carboxylase

(Pcx) all displayed rhythmic profiles, which peaked at ZT12 in the

HF-R mice (Fig 4A). The expression of Cidec and Pcx genes has

been previously demonstrated to become cyclic upon high-fat feed-

ing [19]. Interestingly, Cidec is a lipid-binding protein induced in

the steatotic liver and contributes to lipid accumulation [46,47].

Also, the expression of both Acot2, the enzyme that hydrolyses

long-chain fatty acyl-CoA and facilitates fatty acid oxidation [48],

and Pltp, a lipid transfer protein that drives lipoprotein production

[49], showed rhythmic expression with a zenith at ZT12 in HFD-fed

animals, in contrast to the expression of these genes in the CC-fed

animals (Fig EV3D). Again, Pparg and its target genes oscillated

with striking amplitude in HF-R as compared to CC-R, peaking at

ZT12 (Fig 4A). Similar results were confirmed in germ-free (GF)

mice transplanted with feces from HF-D or CC-D (Fig EV3E).

Figure 4. Microbial transplantation induces PPARc pathway activation in HF-R mice liver.

A PPARc target genes expression measured by qPCR (n = 5–12 each group, two-way ANOVA, post hoc Holm–Sidak comparisons, *P < 0.05, **P < 0.01). Error bars
represent SEM.

B Immunoblot analysis of PPARc in nuclear fraction. On the right, quantification of PPARc normalized to p84 is shown. Average of donor mice (ref. [19]) and four
experimental replicates per time point, per group of recipient mice (two-way ANOVA, post hoc Holm–Sidak comparisons, *P < 0.05). Error bars represent SEM.

C Immunoblot analysis of PPARc in chromatin fraction. On the right, quantification of PPARc normalized to the TBP is shown. Average of 4 experimental replicates, per
time point, per group (two-way ANOVA, no significant difference). Error bars represent SEM.

D Chromatin recruitment of PPARc at PPAR binding site contained in Cidec and Pcx promoters (n = 3–5 per group, per ZT, two-way ANOVA, post hoc Holm–Sidak
comparisons, *P < 0.05). H3K4me3 abundance at Cidec and Pcx promoters (n = 4–7, per group, per ZT, unpaired, two-tailed Student’s t-test, *P < 0.05). Error bars
represent SEM.

E Pparg and Cidec gene expression at ZT12 in the liver of fecal-transplanted animals treated with GW9662 or vehicle (n = 6–9 per group, two-way ANOVA, post hoc
Holm–Sidak comparisons, *P < 0.05). Error bars represent SEM.

F % epididymal fat mass/body weight of fecal-transplanted animals treated with GW9662 or vehicle (n = 6–9 per group, unpaired, two-tailed Student’s t-test,
*P < 0.05). Error bars represent SEM.
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Figure 4.
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Importantly, nuclear- and chromatin-bound PPARc (Fig 4B and C)

drastically oscillated in HF-R with a zenith at ZT12. This profile is

remarkably reminiscent of the previously reported effect of HFD on

liver PPARc nuclear protein [19] (Fig 4B). Moreover, PPARc
recruitment to PPARc-binding sites (PPRE) in Cidec and Pcx promot-

ers was significantly increased at ZT12, in line with gene and

protein expression profiles (Fig 4D) and paralleled by a tendency to

increase in trimethylation of Lys4 on the histone H3 (H3K4Me3) at

the same genomic regions (Fig 4D). Finally, to verify that PPARc
activation is one of the central molecular mechanisms underlying

HF-R liver reprogramming, we treated fecal-transplanted mice with

the selective PPARc antagonist GW9662 [50]. As expected, HF-R

injected with the vehicle (+ vehicle) displayed an increase in the

epididymal fat with respect to CC-R + vehicle. On the contrary, HF-

R injected with GW9662 (+ GW9662) showed no difference with

respect to CC-R mice + vehicle (Fig 4F). Strikingly, the increase in

Pparg and Cidec liver gene expression at ZT12 was completely

prevented in HF-R + GW9662 (Fig 4E). Thus, a significant fraction

of the HF microbiota-dependent liver diurnal reprogramming relies

on the induction and activation of the transcription factor PPARc.

HFD-induced reprogramming is neutralized by
antibiotic treatment

To validate that gut microbiota contributes to the HFD-induced

reprogramming, we treated HFD-fed mice with an antibiotic cock-

tail for 6 weeks [51]. Following antibiotic treatment, a remarkable

enlargement of the cecum was observed (Fig 5A), a distinctive

feature of germ-free mice. The body weight of antibiotic-treated

animals on HFD showed a significantly smaller increase with

respect to HFD-fed control mice, but it was still significantly higher

than that of CC-fed control animals. On the contrary, there was no

difference in body weight between CC-fed animals treated or not

treated with antibiotics (Fig 5B). Moreover, the high levels of

serum glucose induced by high-fat feeding were significantly

decreased to control levels by antibiotic treatment (Fig EV4). The

expression of Pparg and its targets were significantly higher in

HFD-fed control mice compared to CC-fed control mice at ZT12,

whereas there was no difference between the groups at ZT0. Strik-

ingly, antibiotic treatment reversed the effect of HFD on Pparg and

its target genes, significantly decreasing their expression at ZT12,

the peak time point of Pparg in HFD-fed animals (Fig 5C). It is

worth noting that HFD-induced reprogramming is dissociable from

obesity [19]. In fact, the expression of PPARc target genes was not

different between antibiotic-treated HFD-fed and CC-fed animals

even though the former weighed significantly more than the latter

(Fig 5B). Thus, the reversible effects shown in the antibiotic-

treated HFD-fed animals were induced by the depletion of micro-

biota, rather than the loss of body weight. These results confirm

that the microbial alteration plays an important role in PPARc-
driven diurnal transcriptional remodeling in HFD-fed animals.

Accumulating evidence reveals that the gut microbiota is

involved in maintaining the host metabolic homeostasis. Since

metabolic networks and the circadian clock are intimately inter-

twined, the impact of the gut microbiota in regulating host periph-

eral clocks is significant [25,52]. Evidence is emerging that feeding

A

C

B

Figure 5. HFD-induced reprogramming is counteracted by antibiotic treatment.

A Cecum of mice treated with or without antibiotics for 6 weeks.
B Body weight of animals fed CC or HFD and treated with or without antibiotics for 6 weeks. Animals were fed CC or HFD during the experiment (n = 8 HF and CC

control, n = 18 HF and CC + antibiotic; HFD control versus HF antibiotic: Student’s t-test, *P < 0.05; HF antibiotic versus CC antibiotic: unpaired, two-tailed Student’s
t-test, #P < 0.05). Error bars represent SEM.

C Gene expression of Pparg and PPARc target genes in the liver of mice fed CC or HFD for 6 weeks and simultaneously treated with an antibiotic cocktail (n = 4 for
each antibiotic-untreated group, n = 9 for each antibiotic-treated group, per ZT; ZT0 and ZT12 two-way ANOVA, post hoc Holm–Sidak comparisons, *P < 0.05,
**P < 0.01, ***P < 0.001). Error bars represent SEM.
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rhythms induce diurnal fluctuations of gut microbiome [53–55]

while disruption of the rhythmic microbial population in HFD-fed

animals leads to an alteration of hepatic circadian transcripts [25].

However, the molecular mechanisms through which gut microbes

regulate liver homeostasis by rewiring the circadian transcriptome

have been unexplored.

Nuclear receptors play crucial roles in connecting the circadian

network and metabolism [56] by sensing oscillatory metabolites and

integrating them into host energy balance [57,58]. Among them,

PPARc, a master player in adipogenesis and a direct regulator of

genes involved in lipid and glucose metabolism [59], is at the heart of

this network [60–62]. Notably, high-fat feeding was shown to amplify

the expression of Pparg [60] and its target genes by inducing de novo

cyclic recruitment of PPARc to chromatin [19]. Our results show that

gut microbial remodeling under high-fat feeding induces rhythmic

activation of PPARc that in turn leads to transcriptional reprogram-

ming in the liver. Circadian activation of PPARc and SREBP1 expres-

sion coordinately contributes to the regulation of hepatic lipid

metabolism in HF-R mice and previous evidence demonstrates that

metabolites produced by gut microbes regulate host liver lipogenesis

[63–65]. Indeed, we observed an increase in the levels of hepatic

long-chain fatty acids that are involved in both signaling pathways

and in lipid accumulation in the liver. Furthermore, short-chain fatty

acids (SCFA) produced by bacterial fermentation are modulators of

PPARc [66], and PPARc signaling might be altered by different SCFA

profiles depending on dietary changes. Thus, we speculate that gut

microbe-derived metabolites modulate PPARc activity in HF-R liver

either through direct activation or indirectly via SREBP1. Interest-

ingly, HFD-driven dysbiosis is implicated in hematopoietic stem cell

differentiation through PPARc activation [67], further supporting a

PPARc-mediated effect of gut microbiota on distal tissues.

The circadian clock is fundamental to maintain liver tissue physi-

ology and contributes to whole-body metabolic homeostasis. Our

results demonstrate that HFD-induced gut dysbiosis affected hepatic

diurnal rhythmicity and induced hepatosteatosis and an increase in

fat depots. GW9662 treatment, blocking the microbiota-driven

PPARc diurnal reprogramming, reverted the fat depot phenotype in

HF-R mice. The change in circadian gene expression subsequent to

HFD microbiome remodeling might exacerbate more severe meta-

bolic diseases.

In conclusion, we have demonstrated that the HFD-induced

remodeling in gut microbiome mediates PPARc-driven reprogram-

ming of the host liver clock, leading to specific rewiring of circadian

transcription. This effect was reversible by depletion of gut micro-

biota, confirming the importance of intestinal microbes’ contribu-

tion to cellular plasticity in response to nutritional stress. The

elucidation of the molecular mechanisms underlying the powerful

effect of diet-induced gut microbial alteration on the host liver circa-

dian clock paves the way for pharmaceutical strategies to target

metabolic diseases.

Materials and Methods

Animals

Age-matched male C57BL/6J mice (Jackson Laboratory) were

maintained on a 12-h light/12-h dark cycle with ad libitum access of

food and water. Animals’ care and use was in accordance with

guidelines of the Institutional Animal Care and Use Committee at

the University of California, Irvine. Male C57BL/6J germ-free mice

were kindly provided by Dr. Sarkis Mazmanian (California Institute

of Technology).

Microbiota transplantation experiments

Six-week-old donor mice were fed CC or HFD for 6–11 weeks before

their feces were harvested. Recipient mice were fed CC from the age

of 6 weeks old, and they were pretreated with a combination of

vancomycin 0.5 g/l and neomycin 1 g/l in drinking water for

1 week followed by intraperitoneal injection of clindamycin at

10 mg/kg body weight for two consecutive days before fecal

transplantation. At the time of fecal transplantation, freshly

harvested donor feces were suspended in PBS and mixed with a

vortex for 10 min. Recipients at 12 weeks of age were colonized

with microbiota by gavaging freshly prepared donor fecal

suspension (0.8–1.0 mg feces/g BW/day) for 5 days, once a day. All

recipients were kept on CC throughout the experimental period and

sacrificed 10 days after the final transplantation. For fecal transplan-

tation into germ-free mice, 8-week-old male germ-free mice were

colonized only once. Recipient mice were sacrificed 14 days after

fecal transplantation.

Microarray analysis

RNA was extracted using TRIzol reagent (GIBCO BRL Life Technolo-

gies) and cleaned up with RNeasy spin columns (Qiagen). Quality of

purified RNA was checked with an Agilent Bioanalyzer (Agilent

Technologies). Microarrays were performed at the UCI Genomics

High-throughput Facility, University of California, Irvine, as

described in a previous study [19]. Data sets can be found in the

NCBI gene expression omnibus (GEO), GSE 82250 for FT and GSE

52333 for Diet experiment.

GW9662 treatment

GW9662 (Cayman Chemical) dissolved in DMSO was diluted in PBS

and intraperitoneally injected to fecal-transplanted mice (CC-R and

HF-R) at a dose of 4 mg/kg at ZT12 for 15 days, once a day, from

the second day of microbial transplantation. Animals were sacrificed

at ZT12, and liver tissue was harvested for gene expression 24 h

after the final injection.

Antibiotic treatment

Six-week-old mice were given vancomycin 0.5 g/l, ampicillin 1 g/l,

neomycin 1 g/l, and metronidazole 1 g/l in drinking water

ad libitum following previously published protocol to deplete

commensals [51] and they were fed CC or HFD during this period.

Mice were sacrificed after 6 weeks of antibiotic treatment.

Diets

Mice were fed a control chow (CC) (Harlan Laboratories, TD.

110870) or HFD (60% kcal fat, Research Diets, D12492) with

ad libitum access to both diets. 2020X (Harlan Laboratories) was
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used as a CC for antibiotics treatment experiment. All diets used

in this study were irradiated or autoclaved to avoid contamination.

Histological analysis

Freshly isolated liver was embedded in OCT, immediately snap

frozen in liquid nitrogen and stored in �80°C until they were used

for the analysis. Sections were sliced into 10 lm and stained with

Oil Red O. Area of lipid droplets was calculated by ImageJ.

16S rRNA gene sequencing analysis

Feces collected from donors and recipients were immediately frozen

in liquid nitrogen. Fecal DNA was extracted with QIAamp Fast DNA

Stool Mini kit (Qiagen) according to the manufacturer’s protocol.

16S rRNA gene sequencing was performed by Zymo Research

(Irvine, CA, USA). DNA samples were quantified, followed by PCR

amplification of V3 and V4 regions of the 16S rRNA gene. A second

PCR was performed to add barcodes to each sample. The final

amplicon libraries were quantified and then sequenced on MiSeq.

Paired-end raw reads in 2 × 250 bp length went through quality

check steps including adaptor removal and trimming 30 bases with

quality score q < 20. Reads shorter than 20 bp were discarded. The

data were analyzed using the program QIIME release 1.8.0 (www.

qiime.org) and the latest Greengenes 16S rRNA gene database

(gg_13_8).

Quantitative RT–PCR

Liver and intestine samples were homogenized in TRIzol lysis

reagent. Chloroform was added and the samples were shaken for

15 s. The samples were left at RT for 3 min and then centrifuged

(12,000 g, 15 min, 4°C). The upper phase aqueous solution,

containing RNA, was collected in a fresh tube, and the RNA was

precipitated by adding isopropanol. Samples were mixed by

vortexing, left at RT for 10 min and then centrifuged (12,000 g,

10 min, 4°C). Supernatant was discarded and the RNA pellet was

washed in 75% ethanol by centrifugation (7,500 g, 5 min, 4°C).

Supernatant was discarded and the pellet was resuspended in

DEPC water. Total RNA concentrations were determined by Nano-

drop spectrophotometer (ThermoScientific). Total RNA was reverse

transcribed using iScript Reverse Transcription Supermix (Bio-

Rad). Gene expression was analyzed by Real-Time PCR (Bio-Rad)

using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). See

Table EV2 for the primer sequence list.

Nuclear and chromatin fraction extraction

Approximately 250 mg of liver was homogenized in 4 ml buffer A

(10 mM HEPES, pH 7.8, 25 mM KCl, 0.5 mM spermidine, 1 mM

EGTA, 1 mM EDTA, 0.32 M sucrose, and 0.3% Triton) with

protease inhibitors. Samples were centrifuged at 1,000 g for

10 min at 4°C. Pellets were resuspended in 4 ml buffer A and

centrifuged again at 1,000 g for 10 min at 4°C. Pellets were then

resuspended in 4 ml low-salt buffer (10 mM HEPES, pH 7.8,

25 mM KCl, 0.5 mM spermidine, 1 mM EGTA, 1 mM EDTA, and

20% glycerol) and then centrifuged again at 1,000 g for 10 min at

4°C. Nuclear pellets were resuspended in 1 ml low-salt buffer,

centrifuged, and resuspended in 1× volume low-salt buffer and 2×

high-salt buffer (10 mM HEPES, pH 7.8, 25 mM KCl, 0.5 mM

spermidine, 1 mM EGTA, 1 mM EDTA, 20% glycerol, and 0.5 M

KCl). Suspensions were nutated for 1 h at 4°C and then

centrifuged at 12,000 g for 20 min. The resulting supernatant is

used as the soluble nuclear fraction. The pellet was resuspended

in modified RIPA buffer, sonicated, centrifuged at 12,000 g for

20 min at 4°C, and used as chromatin fraction for subsequent

immunoblot analysis.

Immunoblot analysis

Approximately 3–10 lg of nuclear or chromatin extract from liver

samples was loaded on 8% polyacrylamide gels. The blots were

blocked in 5% milk in TBST and incubated overnight at 4°C with a

specific primary antibody. BMAL1 antibody (abcam # 93806) was

diluted 1:2,000, PPARc (1+2) antibody (abcam # 41928) 1:1,000,

SREBP1 antibody (Santa Cruz # 13551) 1:100, and p84 antibody

(GeneTex # 70220) 1:3,000. Blots were then washed three times in

TBST for 20 min, incubated in HRP-conjugated anti-mouse or anti-

rabbit diluted (1:8,000) in 2.5% milk in TBST 1 h at RT. The

membranes were then rinsed three times in TBST and incubated in

enhanced chemiluminescent substrate and exposed to films. Films

were scanned and densitometry was analyzed through ImageJ

software.

Chromatin immunoprecipitation

Approximately 100 mg of liver tissue was minced and double

crosslinked with DSG for 40 min and 1% formaldehyde for 10 min

followed by adding glycine (0.125 M final concentration) at room

temperature for 10 min. After homogenizing tissue pellet in PBS,

1 ml of lysis buffer was added. Samples were sonicated by Biorup-

tor to generate 200–500-bp fragments and centrifuged at 10,000 g

at 4°C. Supernatant was diluted in dilution buffer (1.1% Triton

X-100, 1.2 mM EDTA, 16.7 mM Tris–HCl, 167 mM NaCl),

precleared with protein-G beads blocked with salmon sperm DNA

and BSA for 2 h. Precleared supernatant was incubated with 2 lg
of PPARc (1+2) antibody (abcam # 41928) or 3 lg of histone

H3K4me3 (Active Motif #39159) primary antibodies overnight at

4°C. Protein-G beads were added to the supernatant and incubated

for 2 h at 4°C and centrifuged. Beads were recovered and washed

in low-salt buffer, high-salt buffer, and LiCl buffer, followed by

washing in TE for three times. Elution buffer (300 mM NaCl, 0.5%

SDS, 10 mM Tris–HCl, 5 mM EDTA) was added to the washed

beads and treated with RNase at 37°C for 2 h and proteinase K at

65°C overnight. Equal amount of PCI was added to the samples

and the aqueous phase was recovered. DNA was precipitated by

adding 100% ethanol, NaOAc, and glycogen and kept at �80°C

overnight. Samples were centrifuged at 12,000 g for 30 min at 4°C

and washed with 70% ethanol followed by centrifugation at

12,000 g for 30 min at 4°C. Quantitative PCR was done using

SYBRGreen reagent.

Metabolite analysis

Liver metabolite analysis was performed by Metabolon, Inc.

(Durham, NC, USA) based on ultrahigh-performance liquid
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chromatography–tandem mass spectroscopy (UPLC-MS/MS) and

gas chromatography–mass spectroscopy (GC-MS).

Statistical analysis

Data are expressed as mean � SEM. The significance of differences

was analyzed by Student’s t-test or ANOVA and post hoc analysis

for multiple group comparison. When the data were not distributed

normally, we used Mann–Whitney rank-sum test. For microarray

data, at each time point of interest, CyberT, a differential analysis

program using a Bayesian-regularized t-test [68,69] was performed

between experimental group and control group (i.e. HFD versus CC,

HF-R versus CC-R) and P-values were calculated. Transcripts/

metabolites passing P-value < 0.05 were considered differential at

that time point. Sets of differential transcripts/metabolites from diet

or fecal transplantation data were further intersected to produce the

list of commonly differential transcripts/metabolites. To cross our

data with ChIP-Seq databases, ChIP-Seq peaks were extracted from

previously published data [42,43]. Genes with peaks that are close

to transcription start sites (from 10,000 bp upstream to 2,000 bp

downstream) from any of the data sets were considered potential

targets.

Gene annotation analysis

Gene annotation was performed using Genecodis [70]. Data

presented in the manuscript was obtained using KEGG as know-

ledge base and pathways were ranked by number of genes (hits)

with pathway annotations.

Expanded View for this article is available online.
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