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Supplemental Documents 

Supplementary Figure 1 

 

Figure S1. Unbiased transcriptomic analysis of liver samples (ZT02) in mice exposed to PM2.5 

for 14 weeks, Related to Figure 1  
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Supplementary Figure 2 

 

 

Figure S2. Level of concentrated PM2.5 in various groups and elemental composition, Related 

to Figure 1 
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Supplementary Figure 3 

 

 

 

 

Figure S3. Impact of air-pollution (PM2.5) and light at night (LL) on whole body fat mass, 

Related to Figure 1  
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Supplementary Figure 4 

 

Figure S4. Effect of air-pollution (PM2.5) and light at night (LL) on plasma and urinary 

catecholamine level, Related to Figure 2   
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Supplementary Figure 5 

 

 

 

Figure S5.  Expression level of metabolically active genes in liver of wild type mice exposed 

with air-pollution (PM2.5) and light at night (LL), Related to Figure 2   
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Supplementary Figure 6 

 

 

 

 

 

Figure S6. PM2.5 plus Light on 

peripheral circadian rhythm in wild type 

mice, Related to Figure 2  
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Supplementary Figure 7 

 

 

Figure S7. Differential effect of PM2.5 and light at night (LL) on liver transcriptome, Related 

to Figure 3  
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  Supplementary Table 1 

   

 

   Table S1. Cosinor analysis of circadian genes in liver, Related to Figure 2 
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     Supplementary Table 2 

     

 

  Table S2. Cosinor analysis of circadian genes in BAT, Related to Figure 2 
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      Supplementary Table 3 

 

Table S3. Mouse primers used for Circadian Rhythm and Metabolic Study, Related to  

Figure 2, Figure 5 and Fig S5 and Fig S6 
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Transparent Methods 

Exposure of Animals to Ambient PM2.5 

Laboratory mice were exposed to concentrated ambient PM2.5 or filtered air (FA) using a Versatile 

Aerosol Concentration Enrichment System (VACES) whose laboratory and field characterization 

have been previously described in detail (Chen, 2003) (Maciejczyk and Chen, 2005; Sun et al., 

2009). VACES allows the concentration of ambient particulates in the atmosphere in Cleveland, 

Ohio, USA, allowing chronic inhalational exposure of mice in chambers to concentrated ambient 

particulate matter <2.5 microns (CAP) in diameter. Briefly, the sampled ambient aerosol from 

VACES located in metropolitan Cleveland is drawn inside a saturator and mixed with ultrapure 

deionized water vapor to achieve saturation, following which it passes through a cooling section 

that induces condensational growth of the particles to super-micrometer size via supersaturation. 

The grown particles are then concentrated by virtual impaction. VACES employs three virtual 

impactors in parallel, achieving an overall enrichment factor of 10-20x, depending on ambient 

concentration levels. The particles themselves are analyzed after collection on Teflon filters using 

XRF (X-ray fluorescence, a non-destructive analytical technique) analysis to determine the 

elemental composition of deposited PM2.5. The elemental composition during exposure for this 

experiment is depicted in Supplemental Figure 2. For the initial discovery study, three-week-old 

C57BL/6J male mice were purchased from the Jackson Laboratories (Bar Harbor, ME), and were 

equilibrated for 1 week prior to experimental enrollment. Weight matched mice were then divided 

into two groups and exposed to either filtered air (FA) and/or concentrated PM2.5 at nominal 10 × 

(80-100µg/m3) ambient concentrations 6 hours per day, 5 days per week in standard light-dark 

cycle (12 h day light/12 h dark) (LD) with concomitant ad libitum access to standard chow diet for 

14 weeks.  For the validation study, three-week-old C57BL/6J male mice were equilibrated for 1 
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week prior to experimental enrollment and divided into four groups; (1) LD-FA (12h day light/12h 

dark and received filtered air daily 6h/day/5 days in a week). (2) LD-PM2.5 (12h day light/12h dark 

and received concentrated PM2.5 air daily 6h/day/5 days in a week). (3) LL-FA (12h day light/12h 

dim light and received filtered air daily 6h/day/5 days in a week) and (4) LL-PM2.5 (12h day 

light/12h dim light and received concentrated PM2.5 air daily 6h/day/5 days in a week) with 

concomitant ad libitum access to standard chow diet for 30 weeks. The control (FA) mice in the 

experiment were exposed to an identical protocol with the exception of a high-efficiency 

particulate-air (HEPA) filter positioned in the inlet valve position to remove all of the PM2.5 in the 

filtered air stream. All the animal experiments were approved by the Case Western Reserve 

University IACUC committee and carried out under the institutional guidelines for ethical animal 

use. 

Glucose and Insulin Tolerance Test 

Basal blood glucose was measured after 12h of fasting using a handheld glucometer (Contour). 

Mice were given an intraperitoneal bolus of glucose (glucose tolerance test) or insulin (insulin 

tolerance test) at a concentration of 2 mg/kg or 0.75 IU/kg body weight, respectively, and blood 

glucose was measured at 20, 40, 60, 90 and 120 minutes thereafter. 

Blood Glucose, Plasma Insulin 

Retro-orbital blood was collected under isoflurane anesthesia after 12 hours of fasting. Whole-

blood glucose was determined by using the glucometer (Contour) with glucose test strips as 

described by the manufacturer. Plasma insulin was determined by using a mouse insulin ELISA 

kit with mouse insulin as a standard (Alpco, Salem, NH03079). The homeostatic model assessment 

of insulin resistance (HOMA-IR) was calculated using the equation [(Glucose × Insulin)/405]. 
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Urine and Plasma Corticosteroid Assay 

Catecholamine levels such as epinephrine, nor-epinephrine and dopamine (3-CAT ELISA assay 

kit, Rocky Mountain Diagnostic Inc., Colorado Springs, CO 80903, USA) and total corticosterone 

level (Life Technology Corporation, Frederick, MD, USA) were measured according to the 

manufacturer instructions. Briefly, urine from different groups of mice were collected at ZT2, ZT6, 

ZT10, ZT14, ZT18, and ZT22 time points and stored at -80oC or used for catecholamine and total 

corticosterone measurement. For plasma total corticosterone levels, blood collected at ZT2 and 

ZT14 was used for this assay. 

In vivo Glucose Uptake Measured by Positron Emission Tomography 

[18F] Fluorodeoxyglucose (FDG) was purchased from PETNET solution (Cleveland, USA) and a 

cyclotron (Siemans20–30 gb). After an 8 h fast mice were injected with insulin (0.75 U/kg) diluted 

in 0.9% physiological saline and 5 min later received an intravenous administration of FDG (200-

300µCi). After injection, the mice were maintained under conscious conditions and warmed using 

a heating pad. Before PET imaging, a CT scout view was taken to ensure mice were placed in the 

co-scan field of view (FOV) where the highest image resolution and sensitivity are achieved.  Once 

the static acquisition was done, a CT acquisition scan was performed for attenuation correction. 

At 30 min small-animal positron emission tomography (uPET/CT, Siemens Medical solution Inc, 

TN 37932, USA) and micro-computed tomography (CT) (uPET/CT: Inveon, Siemens Medical 

solution Inc, TN 37932, USA) imaging were performed using an acquisition time of 15-30 min for 

PET at Case Center for Imaging Research (CCIR). Quantitative image analysis of the uptake of 

18F-FDG in different organs was performed using Carimas II software. This program allows the 

regions of interest (ROI) to be extrapolated from the reconstructed uPET image frames, allowing 

the quantification of the SUV (standard uptake value) in a specific region. Based on the PET and 
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CT co-registered images, brain, liver, heart, muscle, WAT and BAT were then defined as (ROI) 

and FDG tissue uptake calculated using the mean value of standard uptake values (SUV).  

Body Composition and Indirect Calorimetry 

In vivo body composition analysis of lean mass and fat mass from conscious, immobilized mice 

was performed by the Case Center for Imaging Research (CCIR). The data and images were 

collected as described previously (Johnson et al., 2012) by using Bruker Biospec 7T small animal 

MRI scanner (Bruker Biospin, Billerica, MA). For indirect in vivo metabolic analyses, 20 weeks 

of FA/PM2.5-exposured mice were acclimated to the apparatus for 24 hours before data collection 

commenced, after which energy expenditure was measured using a computer-controlled indirect 

calorimetry system (Oxymax Comprehensive Lab Animal Monitoring System, Columbus 

Instruments, Columbus, OH), run by the MMPC (Mouse Metabolic Phenotyping Core) at Case 

Western Reserve University (CWRU). For each animal, O2 consumption and CO2 production were 

measured for 1 min at 10-min intervals. Respiratory Quotient (RQ) was calculated as the ratio of 

CO2 production to O2 consumption. Energy expenditure was calculated using the Weir equation 

with normalization to body weight. Light and dark cycle energy expenditure was determined using 

the average of all data points per 12-h light/dark cycle of 2 consecutive days, and these, in turn, 

were averaged to obtain total 24-h energy expenditure. Data acquisition and instrument control 

were coordinated by MetaScreen and raw data was processed using ExpeData with an analysis 

script documenting all aspects of data transformation. 

Quantitative Real-Time RT-PCR (qPCR) Analysis 

Total RNA was extracted from liver and brown fat using Trizol® Reagent (Life Technologies, 

Grand Island, NY). cDNA was synthesized using Transcriptor First Strand cDNA synthesis kit 

(Roche Applied Science, Indianapolis, IN) according to the manufacturer’s protocol. The 
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amplification of target genes was used by a LightCycler® 480 SYBR Green I Master kit (Roche 

Applied Science, Indianapolis, IN). Gene expression was measured by quantitative real-time PCR 

performed on a LightCycler® 480 real-time PCR System (Roche Applied Science, Indianapolis, 

IN). The sequences of real-time PCR primers used in this study are shown in Supplementary Table 

3. Fold changes of mRNA levels were determined using the ΔΔCt method and normalized to 

internal control GAPDH, RPL13 and B2M. 

RNA-Sequencing 

The extracted RNA was quantified by NanoDrop (Thermo Fisher Scientific, MA) and the quality 

was assessed using a 2100 Bioanalyzer (Agilent Technologies, CA). The Agilent Bioanalyzer is a 

microfluidics platform used for sizing, quantification, and quality control for RNA (and DNA/ 

proteins) and provides an “RNA Integrity Number” (RIN), which quantifies the fragmentation of 

the RNA sample. The RNA samples were selected for sequencing if RIN value was more than 6.5. 

On average, 500-1,000 mg of RNA samples were used for library preparation and double-stranded 

cDNA generation. We utilized the NEBNext® Ultra RNA Library Prep Kit (New England 

BioLabs, Inc, Ipswich, MA) for liver tissues and a TrueSeq RNA Library Prep Kit (Illumina, San 

Diego, CA) to generate strand-specific libraries for all other mentioned issues. The library was 

amplified by 15-cycle according to the manufacturer protocol. After PCR primers removal with 

Agencourt AMPure PCR purification kit (Beckman Coulter, CA), the sequencing library was 

quantified on TapeStation (TapeStation Instrument). The prepared library was sequenced by HiSeq 

series sequencer including HiSeq4000, HiSeqX (Illumina, San Diego, CA). The raw BCL files 

were converted into FastQ files using CASAVA 1.8.2 (CASAVA).  
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Transcriptome Analysis 

A total of 500 million reads were used, with an average of 50 million reads per sample. We built 

an index sequence for STAR using the Gencode M13 reference feature that includes protein-

coding genes as well as non-coding genes. In total, 50,600 genes and 124,031 transcripts including 

isoforms were identified. Prior to sequence alignment, we applied trimgalore (version 0.4.3) with 

cut adapt package (version 1.12) (Martin, 2011) for removing any unnecessary genomic fragments 

(e.g. adapter dimers) and low quality nucleotide sequences from the raw reads. We mapped raw 

sequencing reads to the mouse reference genome (mm10) using STAR aligner 7, and calculated 

the raw count using feature Counts package (Risso et al., 2014). Finally, we extracted gene level 

transcripts (N=50,600) and transcript level isoforms (N=124,031) using the feature Counts. To test 

reproducibility and examine outlier samples, we conducted PCA analysis and MDR block analysis, 

as well as pair-wise comparative analysis showing the correlation scores in a matrix format (Fig. 

S1). We excluded extreme outlier samples before conducting differentially expressed gene 

analysis. All datasets are deposited under GEO accession number (GSE145566) and are accessible 

to the scientific community. 

Differentially Expressed Genes (DEGs) 

We used protein coding genes and long non-coding RNA from Gencode M13 (Freeze date Oct 

2016). For transcriptome analysis, we were primarily interested in assaying gene-level expression 

(protein-coding genes). We used Rsub read and feature counts to generate a gene-by-sample matrix 

of reading counts that was analyzed using edgeR after removing unwanted variation (RUVg) 

(Risso et al., 2014). The output of this analysis is a set of genomic regions that are significantly 

different between the experimental groups. For transcript level expression analysis, we also 

utilized the alignment free mapping method in Salmon to quantify the number of transcripts and 
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transcript per million (TPM). We compared gene-level DEGs and transcript level DEGs and 

summarized the results in Supplementary Table 4. Due to the small number of biological replicates 

(N=2), we utilized the limma based edgeR method to determine differentially expressed transcripts 

or isoforms; cutoff: log2FC > 0.7 for liver and adipose samples (log CPM>0.7, FDR < 0.05). We 

used a low threshold in fold change (low-fold change DEGs: log2FC between 0.7 and 1.0) due to 

the potentially small effect size of environmental exposure on epigenome or transcription, resulting 

in only small variations in the transcriptome. We performed GO and Pathway analysis using DEGs 

and control genes. We used R Package Top GO  9 to generate the GO and GSEA to generate 

KEGG/Reactome pathways. In addition, we performed IPA (Ingenuity Systems Inc., Redwood 

City, CA) to check for enriched pathways from DEGs and search for upstream regulators (TF, 

enzyme, receptors). To validate our findings Transfac, and HOMER analysis 10 were performed 

to confirm upstream regulators from the DEGs list. 

Open Chromatin Signatures from Liver Samples using ATAC-seq 

Livers from 14-week-exposed male mice were harvested and the left lobe of liver was pulverized. 

Using same Freezer Mill (6775 Freezer/Mill® Cryogenic Grinder) that was used in RNA-seq 

library prep, 20-30 mg of frozen liver powder was used for prepare ATAC-seq library. The OMNI 

ATAC-seq protocol (Corces et al., 2017) was adopted for isolating nuclei and applying transposase 

reaction. The library was purified using two-sided SPRI beads selection (100-500bp fragment 

size). We utilized Hi-Seq system to sequence the libraries. Due to the limitation of the original 

protocol, we have relatively high background noise (compare to the advanced OMNI ATAC-seq 

protocol) (Martin, 2011) and less number of reads under the predicted peaks (open chromatin). 

Briefly, all reads were trimmed using cut adapt package, and trimmed read (>36bp minimum 

alignment length) have been mapped against mm10 genome using BWA aligner (Li and Durbin, 
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2009). The candidate peaks were predicted by MACS peak calling software (Zhang et al., 2008).  

Parameters used for open chromatin peaks (-g mm -q 0.01 –keep-dup 1000 –no model –shift 0 -

extsize 150), fine grain and smaller peaks (-extsize 40). We used predicted open chromatin peaks 

where at least two biological replicates were reproducible for the downstream analysis using IDR 

cutoff 0.05.(Q Li, 2011) All the pipeline is freely available via git hub and docker image developed 

by Bo Zhang lab at WASHU (https://hub.docker.com/r/zhanglab/atac-seq/). Finally, the open 

chromatin regions were submitted to search potential transcription factor binding sites using 

HOMER (Heinz et al., 2010) software (mm10 -size 150 -len 11). We collected high-confidence 

candidate motifs (p-value < 1e-10) using Homer known motif search. 

ChIP-qPCR Assay 

Mice liver were collected as described in the previous section, livers from two mice from each 

group (LD-FA, LD-PM2.5, LL-FA, LL-PM2.5) were used to prepare chromatin. Briefly, liver tissues 

(10-15mg) were fixed with 1% formaldehyde at room temperature for 15 min with swirling and 

quenched with 0.125M glycine for 5 min at room temperature. Cross-linked tissues were lysed in 

high salt buffer for 15 min in ice and subsequently nuclear lysis with SDS for 10 min in ice. Nuclear 

lysed extracts were subjected to sonication 30s on and 30s off using Diagenode Pico for 20-30 

cycles at 4oC. After sonication DNA fragment size was checked in aliquots of sonicated extract, 

after protease treatment and reverse crosslinking at 650 C overnight. For each ChIP, 3-5ug of ChIP 

grade antibodies such as Bmal1 Ab3350, Clock Ab3517, p300 sc48343, pCAFsc8999 and Pol-II 

Millipore 05-623B were used, blocked with BSA and cross-linked on magnetic protein A/G based 

on the antibody of origin, at 4oC for 4hr. After sonication, the lysate was checked with desirable 

DNA fragment size (200-800bp) and incubated with the antibody at 4oC overnight. The ChIP 

complex was pulled down using a magnetic separator and washed with high sucrose buffer, high 
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salt buffer, LiCl buffer with protease inhibitor and with a final Tris wash. The immune complex 

was eluted and reverse cross-linked at 650 overnight, phenolysed and ethanol precipitated. DNA 

amount was quantified using qubit and the immune precipitate is quantified with no antibody as 

control using qPCR and desired primer for Per1 and Per2 (Supplementary Table3).        

Statistics 

Unless otherwise noted, values presented are expressed as means ± SEM. Statistical analyses were 

performed using student t-test, one- and two-way analysis of variance (ANOVA) using SAS 9.4 

statistical programming. Significance was set at P < 0.05. The Cosinor method was used to 

investigate the presence of a daily 24 h rhythm. The method consists of adjusting a cosine curve 

to the actual 24 h time series (Cosinor method). The null hypothesis tested was that of zero 

amplitude, that is, no rhythmicity at the assumed frequency (24 h). A significant periodic fit was 

considered when the P value was <0.05.  
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