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Abstract

Smoking and obesity are each well-established risk factors for cardiovascular heart disease, which 

together impose earlier onset and greater severity of disease. To identify early signaling events in 

the response of the heart to cigarette smoke exposure within the setting of obesity, we exposed 

normal weight and high fat diet-induced obese (DIO) C57BL/6 mice to repeated inhaled doses of 

mainstream (MS) or sidestream (SS) cigarette smoke administered over a two week period, 

monitoring effects on both cardiac and pulmonary transcriptomes. MS smoke (250 µg wet total 

particulate matter (WTPM)/L, 5h/day) exposures elicited robust cellular and molecular 

inflammatory responses in the lung with 1466 differentially expressed pulmonary genes (p<0.01) 

in normal weight animals, and a muchattenuated response (463 genes) in the hearts of the same 

animals. In contrast, exposures to SS smoke (85 µg WTPM/L) with an equivalent CO 

concentration as that of MS smoke (~250 CO ppm), induced a weak pulmonary response (328 

genes), but an extensive cardiac response (1590 genes). SS smoke, and to a lesser extent MS 

smoke preferentially elicited hypoxia- and stress-responsive genes as well as genes predicting 

early changes of vascular smooth muscle and endothelium, precursors of cardiovascular disease. 

The most sensitive smoke-induced cardiac transcriptional changes of normal weight mice were 

largely absent in DIO mice after smoke exposure, while genes involved in fatty acid utilization 

were unaffected. At the same time, smoke exposure suppressed multiple proteome maintenance 

genes induced in the hearts of DIO mice. Together these results underscore the sensitivity of the 

heart to SS smoke and reveal adaptive responses in healthy individuals that are absent in the 

setting of high fat diet and obesity.
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Obesity and smoking each represent major risk factors for premature death from heart 

disease, particularly cardiovascular disease (CVD) and ischemia, with multiplicative 

increases in disease risk when both risk factors are present. 1–5 Exposure to second hand 

smoke by nonsmokers also constitutes a significant risk factor. Second hand smoke is 

predominantly comprised of sidestream (SS) smoke emitted from the burning tip of the 

cigarette (85%), with the remainder consisting of exhaled mainstream (MS) smoke. 1, 2, 5, 6 

Both types of smoke are comprised qualitatively of the same complex mixture of over 4,000 

chemical constituents, but many toxins (e.g., CO, nicotine, acrolein, formaldehyde, and 

polycyclic aromatic hydrocarbons) are increased as much as 100-fold in SS smoke relative 

to MS smoke, suggesting the greater toxicity of SS smoke. 7 In agreement with this 

suggestion, active smoking approximately doubles the risk of CVD whereas second hand 

smoke exposure (typically occurring at 1/100th the dose) increases this risk by 30%, i.e., a 

15-fold greater disease risk from second hand smoke. 1, 2, 8, 9

Research has highlighted several specific physiological effects associated with cigarette 

smoking that may contribute to both acute and chronic myocardial events. These include 

sympathetic nerve activation, which increases both blood pressure and myocardial 

contractility, as well as variability in heart rate. 1, 2, 5 An immediate effect is increased 

cardiac afterload, which elevates the heart’s oxygen demand at the same time that the high 

levels of CO in cigarette smoke result in hypoxia that limits oxygen delivery to the heart. 

Smoking also promotes a pro-thrombotic status within the cardiovasculature through 

increased blood platelet activation and aggregation, endothelial dysfunction and injury, 

reduced fibrinolysis, and an altered profile of circulating lipids (increased levels of oxidized 

LDL and decreased levels of HDL); all of these characteristics may contribute to the 

development of atherosclerosis and the increased likelihood of myocardial infarction.

A number of these characteristics, also appear in human and animal models of obesity, but 

the molecular signals that initiate these changes are not well understood, nor how obesity 

may alter the heart’s response to cigarette smoke exposure. 10, 11 It has been proposed that 

obesity predisposes peripheral organs to inflammation as a result of pro-inflammatory 

cytokine and adipokine secretion from adipose tissue. 12–14 An additional factor is the large 

metabolic needs of the heart for both sufficient energy substrates and oxygen to fuel 

contraction; smoking limits oxygen delivery to the heart, whereas fatty acid oxidation 

requires high oxygen. High fat diets, common in obesity, exaggerate the normal cardiac 

preference for fats as fuel, where fatty acids may supply 60–90% of total ATP with the 

remainder supplied by glucose. Continual myocardial contraction, which requires immense 

amounts (kg/day in humans) of ATP, also requires substantial metabolic flexibility to 

accommodate changes in availability of both oxygen and oxidizable fuels.15, 16 This 

energetic versatility is provided by several transcription factors, primarily (i.) peroxisome 

proliferator activated-receptor-alpha (PPARα), a master regulator of genes for uptake and 

utilization of fatty acids and glucose, and (ii.) hypoxia inducible factor-1 alpha (HIF-1α), 

which controls genes that minimize oxygen consumption. 17, 18 A significant loss in the 

ability to switch between metabolisms that utilize glucose (consuming low oxygen) or fatty 

acids (with high oxygen consumption) is a hallmark feature of the failing heart, in which 

ATP levels are progressively reduced eventually resulting in energy starvation and inability 
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to adequately perfuse the body. Deficits in metabolic flexibility of the heart have also been 

observed in obesity and diabetes.16 Thus, the limited oxygen supply imposed by smoking 

may be further compromised by the increased oxygen needs of a heart relying on a high fat 

diet.

To examine cardiac responses to smoking and obesity, whole genome microarrays were 

used to compare transcriptomes of normal weight with high fat diet-induced obese (DIO) 

C57BL/6 mice after administration of a regime of two weeks of repeated exposures to 

inhaled MS or SS cigarette smoke. Comparing cardiac transcriptional responses with those 

in the lungs of the same animals indicated a greater sensitivity of the heart to SS smoke as 

compared with the lung or with MS smoke in the heart. Moreover, the cardiac response to 

smoke included a large proportion of genes involved in hypoxic and stress response in non-

obese mice, which was substantially suppressed in smoke-exposed DIO mice.

EXPERIMENTAL PROCEDURES

Animals

Non-obese (i.e., regular weight, RW) and diet-induced obese (DIO) male C57BL/6 mice at 

13 weeks of age were purchased from Jackson Laboratories (Bar Harbor, ME). RW mice 

were fed throughout the study a diet consisting of pelleted PMI® 5002 Certified Rodent 

Diet (Richmond, IN) containing 5kcal% fat; DIO mice were fed a high calorie/high fat 

(60kal% fat) diet consisting of pelleted D12492 Rodent Diet (Research Diets Inc., New 

Brunswick, NJ) starting at 6 weeks of age for a total of nine weeks prior to the start of the 2-

week exposures (i.e., a total of an 11-week high fat diet). Animals were acclimated to the 

AALAS-accredited animal facility as well as to the nose-only inhalation exposure restraint 

tubes for one week prior to the initiation of smoke exposures. Feed and water were provided 

ad libitum; animal rooms set to a 12 h light cycle. Health screens were performed on 

sentinel mice; terminal health monitoring included serological testing for antibodies to 

common rodent pathogens.

Experimental design

Groups of RW and DIO C57BL/6 mice were exposed to HEPA filtered air (sham controls, 

SC), mainstream (MS), or sidestream (SS) cigarette smoke by nose-only inhalation exposure 

for 5 hr/day for a total of 8 exposures over two weeks as follows: 5 consecutive days of 

exposure followed by 2 days with no exposure, then three days of exposure, with necropsies 

occurring the day following the last exposure. Target cigarette smoke exposure 

concentrations were 250 µg wet total particulate matter per liter (WTPM/L) of air for the MS 

exposures and 85 µg WTPM/L for the SS exposures, based on previous short-term MS 

cigarette exposure studies used to establish the tolerance of RW and DIO mice to SS smoke, 

which has lower particulate concentrations but higher levels of acutely toxic volatile 

components. Based on these results, CO concentrations were considered a limiting factor in 

the ability of the animals to tolerate the two-week exposure regimen without significant 

toxicity (i.e., over 10% loss in body weight or lethality) and thus, experimental MS and SS 

smoke exposures were set with equivalent CO concentrations (~250 ppm). A total of 144 

mice divided into three 48-mice cohorts (8 mice per treatment group) were used for the 
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purpose of collecting parallel biological samples for specific analyses: i.) heart and lung 

tissues for gene expression studies, ii.) bronchoalveolar lavage (BAL) fluid for cytology, and 

iii.) blood for post-exposure carboxyhemoglobin (CO-Hb) measurements. Necropsies for all 

animals were completed within a few hours of the light period, thereby minimizing any 

measured changes due to circadian rhythms.

Tissue and blood collection

On the day after the last exposure, mice from one cohort were euthanized with pentobarbital 

and exsanguinated prior to tissue collection. The left half of each organ refrigerated in cold 

RNAlater® overnight, then removed from fixative and stored at −80°C with the remainder 

(right heart and lung) flash-frozen and stored at −80°C for future analyses. Before analyses, 

RNA sample quality was evaluated for fragmentation from RNA gels as well as 28S:18S 

ratios. Immediately following the last exposure, mice from a separate cohort were 

anesthetized with isoflurane and blood collected for CO-Hb determinations using an OSM3 

hemoximeter (Radiometer, Copenhagen, Denmark).

BAL fluid collection and cytology

BAL fluid was collected from isolated lungs as described previously.19–21 Cytological 

evaluations (viability, cell count and differentials) were performed on 50 µL of cell 

suspension, performing cell differentials on trypan blue-excluding (viable) cells. Three 

hundred nucleated white blood cells were counted to determine the number of alveolar 

macrophages, neutrophils, lymphocytes and eosinophils. Statistical significance was 

calculated by 2-factor ANOVA with a Tukey’s adjusted p-value for all pairwise 

comparisons.

Gene expression and pathway analysis

Whole genome microarray analysis using Affymetrix Mouse Genome 430A 2.0 chips 

(Affymetrix, Santa Clara, CA, USA; 22,690 probesets) was performed according to 

manufacturer’s instructions. Raw intensity data were quantile normalized by Robust Multi-

Array Analysis (RMA) summarization,22 log2 transformed to RW-SC, and subjected to 

ANOVA 23 with Tukey’s multiple corrections test (p<0.01) and 5% false discovery rate 

calculation24 using GeneSpring v.11 (Silicon Genetics, Redwood City, CA). Functional 

enrichment statistics and network analysis were determined using DAVID to identify the 

most significant biological processes affected by smoke or obesity.25–27 Primary 

transcriptional regulators of genes altered by obesity or smoke exposure were deduced using 

MetaCore’s (GeneGo) statistical Interactome tool to measure gene interconnectedness in the 

experimental dataset relative to all known interactions from the Affymetrix platform. 

Statistical significance of over-connected interactions was calculated using a hypergeometric 

distribution (p<0.05, 5% FDR), where the p value represents the probability of a particular 

mapping arising by chance for experimental data compared with the background Affymetrix 

platform. Significantly over-connected transcription factors were filtered for those with 

connectivity ratios (Actual:Expected) > 1.5-fold.
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RESULTS

Exposures and In-Life Characterization

To compare transcriptional responses of normal weight with obese mice to MS and SS 

smoke inhalation, we employed a dietary model of the early stages of obesity, where mice 

have been characterized as having impaired glucose tolerance and mild insulin resistance by 

8 weeks, but do not develop overt diabetes.28–30 In the present study, half of the mice were 

fed a high calorie/high fat (60kcal%) diet for 9 weeks by the start of smoke exposures, 

attaining weights on average 21% heavier than their lean counterparts (RW; Table S1). 

These diets were maintained throughout the subsequent smoke exposures, which employed 

target doses for MS (250 µg WTPM/L) and SS (85 µg WTPM/L) smoke based upon 

tolerance levels previously determined to deliver the same CO levels (~250 ppm (Table S2) 

for both modes of smoke administration.(31, 32 Reflecting elevated CO chamber 

concentrations, all cigarette smoke-exposed mice exhibited comparable blood 

carboxyhemoglobin (CO-Hb) levels, which were elevated relative to those of sham controls 

exposed to filtered air (Table S1), in agreement with previous studies.19, 33

Pulmonary inflammation is induced by MS, but not SS smoke

To assess the response of the mice to each exposure condition, we monitored any pulmonary 

inflammation by differential cytology, identifying the abundance and type of immune cells 

present in the bronchoalveolar lavage (BAL) fluid (Figure S1). We find no significant 

increases in inflammatory cells after SS smoke exposures of either RW or DIO mice, but 

RW mice exposed to MS smoke showed increased infiltration of neutrophils into the BAL 

fluid, without significant increases in alveolar macrophages, eosinophils, or lymphocytes. 

On the other hand, DIO mice exposed to MS smoke exhibited a significant increase in 

macrophages and an almost four-fold increase in neutrophils as compared with RW mice.

Distinct transcriptional responses in the heart and lung

Transcriptional responses to smoke inhalation in both lungs and hearts of RW and DIO mice 

were evaluated using whole genome microarray analysis of total RNA extracted from lung 

or heart. Overall, 3012 pulmonary genes and 3252 cardiac genes were differentially 

expressed across the study at a significance level of p<0.01 with a 5% false discovery rate. 

Most of these genes are unique to either lung or heart with only ~20% (580) genes in 

common, suggesting a highly tissue-specific transcriptional response to smoke. Lung and 

heart exhibited different sensitivities to the same exposure/diet condition as evidenced by 

the associated numbers of significantly regulated genes (Figure 1A). For example, in the 

lungs of RW mice, MS smoke exposures resulted in 1466 differentially expressed genes, 

with a much-attenuated transcriptional response (463 genes) in the hearts of the same 

animals. In contrast, SS smoke exposure produced only a modest transcriptional response 

(328 genes) in the lung, but an almost five-fold greater number of significant cardiac gene 

changes (1590 genes). The response of DIO mice to smoke exposure included, on average, a 

larger number of regulated genes as compared with corresponding exposure groups of RW 

tissues, but with a similar pattern, i.e., of MS smoke exposure resulting in attenuation, and 

SS smoke in amplification, of the cardiac response relative to that of the lung. This 

preferential sensitivity of the heart to SS smoke relative to lung may indicate differential 
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partitioning of inhaled cigarette smoke toxicants and/or different mechanisms of response. 

Consistent with the heart’s role as a secondary target of exposure, the average extent of 

cardiac gene changes was generally lower than in the lung as exemplified by the 65-fold 

differential expression of the most highly regulated pulmonary genes as compared with 

those in heart which did not exceed a 5-fold change (Table S3).

Both lung and heart also exhibited significant transcriptional responses to high fat diet and 

obesity based on a comparison of data from sham controls of DIO with those of RW mice; 

the DIO lung exhibits 703 significantly regulated genes and the DIO heart exhibits 1143 

significant genes (Table S3). The diet phenotype had a larger effect than exposure on the 

transcriptional response of the heart; in contrast, smoke exposure was the major influence on 

the transcriptional response of the lung, as supported by both hierarchical clustering (Figure 

S2) and principal component analysis (PCA; Figure 1). Hierarchical clustering, which 

identifies groups of genes regulated in response to the same environmental factors, was 

performed on the 580 common gene changes across both heart and lung and showed distinct 

classification of gene signatures by tissue and sub-classification by exposure condition. 

Notably, the lung data clustered by exposure condition (MS, SS, or SC (sham control)), 

whereas heart data clustered by diet (RW, DIO). Similarly PCA of the entire heart and lung 

datasets reflect different tissue-specific clustering patterns; i.e., exposure is the first principle 

component in lung, whereas diet was the first principle component in heart (Figure 1).

Cardiac Transcriptional Signatures of Exposure and Diet

Significant cardiac genes in each exposure and diet group were categorized by statistical 

enrichment (p<0.05) of GO biological processes with almost 40% (1059 genes) of all 

significant cardiac genes contributing to the resulting enriched processes (Figure S3).26, 34 

Different patterns of responses are observed for each exposure/diet group based on varying 

levels of significance of each biological process highlighting the distinct transcriptional 

signatures of each treatment group. For example, MS and SS smoke each elicited different 

patterns of responses in the RW heart, with further difference in the DIO heart. Some of the 

most significant enriched processes were exhibited in the DIO heart and involved processes 

related to energy metabolism, e.g., lipid, ketone, carbohydrate, and phosphate metabolic 

processes (Figure S3). Subsequent smoke exposure suppressed these latter processes to 

varying degrees. All experimental groups exhibited a highly significant response in the 

process of cellular protein metabolism, which includes a large proportion of down-regulated 

genes involved in protein translation, a well-documented response to stress conditions.35–38 

Many of the trends in GO processes are reiterated at the level of individual gene changes as 

further described.

Smoke elicits strong regulation of hypoxic and stress genes in the non-obese heart

In view of the large fraction of significant genes not falling into identified GO processes 

(Figure S3), we further focused on the most responsive individual genes, i.e., those 

exceeding 1.5 fold change in expression. As highlighted in Table 1, a significant fraction of 

the most smoke-responsive genes in RW hearts are related to hypoxia response, i.e., target 

genes of the HIF-1α transcription factor. Thus, this finding is consistent with the high levels 

of CO in cigarette smoke, which binds with high affinity to oxygen binding sites of 
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hemoglobin. Despite elevated levels of circulating CO-Hb measured immediately after the 

last smoke exposure, the short (2–6 h) half-life of CO-Hb suggests that smoke-related 

hypoxia was largely resolved 24 h post exposure when heart samples were taken for 

microarray analysis.39 Thus, the observed sensitive regulation of multiple HIF-1α genes 

suggests a sustained effect of hypoxia on the cardiac transcriptome.

HIF-1α was identified as the most enriched transcription factor (p-value of 2.99×10−7) 

associated with genes differentially expressed in the RW-SS exposure group, based on 

statistical measures of the interconnectedness of genes in the experimental dataset relative to 

all known interactions from the Affymetrix platform. On the other hand, in the case of MS 

smoke-regulated genes, HIF-1α ranked as the fifth most enriched transcription factor (p 

value of 7.28×10−5) in the dataset. Similarly, the extent of regulation (fold-change) of 

multiple hypoxia-regulated genes was less or absent in mice exposed to MS as compared 

with SS smoke. Such differences in HIF-1α gene responses, despite identical CO doses in 

MS and SS smoke, highlight the complexity in hypoxia responses and possible gene 

interactions. For example, each of the transcription factor genes (i.e., Cebpb, Nr1d1, Nr3c1, 

Dbp, Bptf; Table 1) regulated by smoke exposure has multiple response elements and 

interactions with other transcription factors.

Sensitivity to additional stressors in cigarette smoke is reflected by the regulation of non-

hypoxic genes also involved in stress and inflammatory processes, as well as inhibition of 

cell cycle progression and proliferation. Smoke exposure also elicits altered expression of 

several ion transporters that play essential roles in the cardiac action potential maintaining 

contractile rhythmicity, and notably, genes involved in vascular tone and endothelial 

dysfunction, a recognized precursor in the development of atherosclerosis. 40, 41 Among 

genes most sensitive to smoke exposure are several circadian genes, (Nr1d1, Dbp, Bhlhe40), 

consistent with previously reported disruption of circadian processes by smoking that has 

been linked to health disorders and myocardial infarction.42–45

Smoke exposure modifies the transcriptional response to diet-induced obesity

In view of the major influence of the diet phenotype on transcriptional responses in the heart 

(Figures 1 and S2), differential gene expression was assessed from a comparison of 

microarray data from both smokeexposed and control DIO hearts with that of RW controls, 

thus permitting the effects of smoke on both diet-related and non-diet-related genes to be 

simultaneously monitored. Cardiac genes related to diet phenotype, i.e., those differentially 

expressed in DIO-SC as compared with RW-SC, include 1148 significant genes. A 

substantial proportion of both the most highly expressed individual genes (Table 2) and 

enriched GO processes (Figure S3) of the DIO response involve gene changes related to 

metabolic adaptation to a high fat diet, i.e., multiple PPARα target genes involved in 

enhanced uptake and oxidation of fatty acids at the expense of glucose uptake and 

glycolysis.46–53 While the sensitive regulation of most DIO-related PPARα genes was 

virtually unmitigated by subsequent smoke exposure, several notable exceptions were 

observed (e.g., Serpine1, Rbp7, Slc2a1; Table 2), for which smoke exposure reversed the 

initial DIO regulation.
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Non-PPARα target genes were also sensitively regulated in the DIO heart (in the absence of 

smoke exposure), which included genes involved in protein folding (Hspa1a, Hspa1b, 

Hsp90aa1, Dnaja1, Dnajb1), and synthesis of the antioxidant, glutathione (Mthfd2, Cth); 

smoke exposure also resulted in loss of their DIO-related induction. Considering the entire 

set of 1148 significant DIO-regulated genes, 41% (557 genes) and 58% (779 genes) of these 

underwent a complete loss of regulation after MS and SS smoke exposure, respectively, 

indicating a substantial alteration by smoke of the heart’s adaptation to high fat diet and 

obesity.

High fat diet-induced obesity modifies the heart’s response to smoke

The DIO heart also exhibits a substantial modification in its transcriptional response to 

smoke relative to that of the RW heart. With respect to the number of regulated genes, the 

response to MS smoke is significantly enhanced (from 462 to 614 genes) in DIO hearts 

relative to RW hearts, whereas the response to SS smoke is dramatically reduced (from 1590 

to 491 genes). At the level of the most sensitive individual genes, the smoke response of 

DIO hearts is characterized by the absence of much of the smoke response that occurred in 

healthy RW hearts (Table 1), including both hypoxic- and stress-related genes as well as the 

appearance of a new set of smoke-responsive genes unique to the DIO heart. Moreover, a 

general suppression in the extent of gene regulation is observed in the smoke response of the 

DIO heart, as illustrated by the low number (26) of sensitive (>1.5 fold change) SS smoke-

responsive genes in DIO hearts as compared with the 106 genes sensitive to SS smoke in 

RW hearts (Tables 1–2).

DISCUSSION

Significance and study design

The present study is the first, to our knowledge, that addresses the in vivo transcriptional 

response of the heart to cigarette smoke exposure in the setting of high fat diet and obesity, 

and thus takes a first step towards identifying the molecular basis of adaptive responses that 

may lead to an increased risk of heart disease in obese smokers.54, 55 We have identified the 

most sensitive individual genes and collective cellular processes responsive to repeated 

cigarette smoke exposures in the murine heart and the substantial modification of this 

response in the setting of high fat diet and obesity (Tables 1–2; Figure S3), using the 

C57Bl/6 DIO mouse, a model that is relevant to common high calorie/ high fat dietary 

choices of humans. Moreover, the custom-designed smoke inhalation system that delivers 

highly uniform doses of both MS and SS smoke provides defined exposures not normally 

available for studies of human smokers. This, with lung microarray data, BAL fluid 

cytology, and blood CO-Hb levels has permitted a more fully informed understanding of the 

transcriptional response of the heart. In particular, the heart’s relatively modest 

transcriptional response to MS smoke can be better appreciated with the knowledge that the 

delivered MS smoke doses were sufficient to elicit a robust cellular inflammatory and 

transcriptional response in the lungs of these mice (Figures 1, S1; Table S3). More striking 

then, is the extensive number of cardiac genes elicited by SS smoke in the absence of any 

cellular pulmonary inflammation.
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The DIO heart

A central finding of this study entails the substantial alteration in the cardiac transcriptional 

response to cigarette smoke of the DIO heart as compared with that of the RW heart (Table 

1); at the same time, a portion of the adaptive response to high dietary fat and obesity was 

altered by repeated smoke exposure (Table 2). In particular, the regulation of sensitive genes 

involved in protective responses to smoke (i.e., hypoxia, inflammation, oxidative stress and 

DNA damage responses) was impaired in the DIO heart. Similarly, a number of DIO gene 

adaptations that were lost after smoke exposure appear to reflect responses to the oxidative 

stress inherent in a heart utilizing high levels of dietary fats, as previously demonstrated by 

increases in lipid and protein oxidation, NADPH oxidase activity, and in mitochondrial 

hydrogen peroxide in DIO rodent hearts.56–58 Another smokeinduced loss of the DIO 

phenotype with important implications for the vasculature is that of Serpine1, encoding the 

plasminogen activator inhibitor-1 (PAI-1), which is normally considered a profibrotic 

protein based on its normal role inhibiting vascular clot degradation. However, recent 

evidence from PAI-1 knock-out mice has suggested that this protein plays a unique and 

protective role in the heart where it functions to maintain microvascular integrity.79 Thus, 

although transcriptional responses of the heart to DIO and smoke are extensive and diverse, 

a common theme observed from the smoke-exposed DIO heart is the impaired regulation of 

stress response genes.

In particular, impairment of HIF-1α gene responses in the presence of a strong induction of 

PPARα genes in the DIO heart is consistent with studies identifying inhibitory interactions 

between these two transcription factors, and their essential and complementary roles in 

regulating fuel and oxygen utilization in the contracting heart. The underlying mechanism is 

suggested by a recent study showing that activation of PPAR-α in cancer cells enhances 

binding of HIF-1α to von Hippel-Lindau tumor suppressor, a protein that mediates HIF-1α 

degradation through the ubiquitin-proteasome pathway; thus HIF-1α levels and hypoxia 

responses were reduced. 59 Impaired hypoxia responses have been observed in diabetic rat 

hearts, which share common characteristics with DIO hearts, e.g., activation of PPAR-α, 

enhanced fatty acid oxidation, and decreased glucose utilization.60–63 The human heart, too, 

exhibits reduced hypoxia responses as evidenced by significantly lower mRNA and protein 

levels of HIF-1α found in biopsies from ischemic (hypoxic) heart regions of diabetic 

patients as compared with those of non-diabetic patients.60 Such deficits in hypoxia 

responses may have serious consequences for the maintenance of efficient cardiac energy 

production under normal fluctuations in oxygen levels as well as during recovery from the 

acute hypoxia of ischemia.63, 64

Summary and Future Work

The present work has provided a comprehensive characterization of the early transcriptional 

response to smoke and diet within the collection of tissues that make up the murine heart. In 

view of multiple levels of documented post-transcriptional regulation (e.g., microRNA, 

protein modification) of smoking responses, future work should extend this knowledge 

towards defining responses at the level of the functional proteome.65–68 Further, parsing the 

sensitivity and kinetics of individual responses in specific cardiac cell types will go a long 

way towards the ability to predict the implications of smoking, obesity and dietary fat 
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content on the development of CVD and other cardiac pathologies. Nevertheless, the present 

study of the whole transcriptome in multiple tissues suggests hypotheses regarding possible 

roles for HIF-1α and PPAR-α interactions in the impaired stress response of the DIO heart.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Differential Sensitivity of Hearts and Lung Transcriptomes to MS and SS Cigarette 
Smoke and High Fat Diet-Induced Obesity
Panel A: The number of statistically significant (p<0.01) genes differentially expressed in 

lungs (hashed bars) or hearts (solid bars) of RW or DIO C57BL/6 mice exposed to repeated 

MS or SS smoke exposures as described in Experimental Procedures. Gene changes were 

assessed from whole genome microarray data of RNA extracted from whole tissues as 

described. Panels B & C: Principal Component Analysis of All 3,012 Pulmonary (B) 
and 3,252 Cardiac (C) Genes by treatment using normalized intensity values. Each point 

represents an individual animal (N=8 per group) from each treatment group using the 
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following colored symbols: RW-SC (green), RW-MS (gray), RW-SS (magenta), DIO-SC 

(dark blue), DIO-MS (red), and DIO-SS (brown). Principal components analysis was 

performed on treatment groups with GeneSpring v.11 (Silicon Genetics) using non-

transformed (ratio) normalized intensity values. Variances are described for the lung data 

(panel B) such that principal component 1 represents the variance on the effect of exposure 

and principal component 2 describes the variance due to the effect of diet phenotype 

(obesity). For the heart data (panel C), principal component 1 and 2 represent the variance 

on the effect of diet phenotype (obesity) and exposure, respectively.
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Table 1

Transcriptional Responses of the RW Heart to MS- and SS-Smoke: Most Sensitive Genesa

Fold-Change

Gene Symbol Gene Name MS SS DIO Regb

Energy Metabolism

Pdk4 Pyruvate dehydrogenase kinase, 4 ---- 1.7 Y

Glu1 Glutamine synthetase 1.4 1.6 N

Iron homeostasis

Slc25a37 Mitoferrin-1 1.5 2.1 N

Tfrc Transferrin receptor −3.4 −4.1 N

Cp Ceruloplasmin/ferroxidase −1.4 −1.8 N/Y

Alas1 Aminolevulinic acid synthase 1 −1.4 −1.7 N

Stress/Inflammation

Ddit4 DNA damage inducible transcript 4 (RTP301) 1.3 2.1 N

Mkrn1 Makorin, ring finger protein, 1 ---- 1.7 N

Rit1 Ras-like, without CAAX 1, GTPase 1.4 1.7 N

Cebpb CCAAT/enhancer binding protein β, transcription factor 1.4 1.7 N

C es3 Carboxylesterase 3 1.3 1.5 N

Nr1d1 Rev-Erb A alpha transcription factor −1.9 −2.2 N/Y

Nr3c1 Glucocorticoid receptor transcription factor ---- −2.1 N

Dbp D site albumin promoter binding protein −1.3 −2.0 N

Tnfsf12a TNF receptor, member 12 (TWEAKR/Fn14) −1.7 −1.7 N

Dct Dopachrome tautomerase −1.5 −1.4 N

Proliferation/cell cycle

Bptf Bromodomain PHD finger transcription factor ---- −1.9 N

Ccnd1 Cyclin D1 −1.3 −1.8 N

Bhlhe40 Basic helix-loop-helix family, e40 (DEC1) −1.3 −1.7 N/Y

Sfrs3 Splicing factor, Arg/Ser-rich 3 (SRp20) −1.5 −1.6 N

Ion Transport

Kcnd2 Potassium voltage gated channel, K4.2 ---- −1.9 N

Kcne1 K voltage gated channel −2.1 −1.8 Y

Slc41a3 MgtE, Na-Mg exchanger −1.6 −1.5 N

Vascular Tone

Snca a-Synuclein ---- 2.8 N

Nampt Nicotinamide phosphoribosyl transferase (Visfatin) 1.4 1.6 Y

Ptgds Prostaglandin D2 synthase −1.6 −1.8 Y

Nppb Natriuretic peptide precursor B (BNP) −1.7 −1.8 N/Y

Slmap Sarcolemma associated protein ---- −1.8 N

Cald1 Caldesmon 1 ---- −1.8 N

Npr3 Natriuretic peptide receptor 3 −1.4 −1.6 N
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a
Selected 30/108 significant (p<0.01) cardiac genes regulated >1.5-fold by either mainstream smoke (MS) or sidestream smoke (SS), relative to 

RW mice exposed to filtered air (controls). Alternate gene or gene product names are included. (The complete list of regulated cardiac genes is 
available in Supporting Table S3). The extent of regulation is indicated as fold-change with missing values (----) indicating no significant gene 

change. Highlighted entries indicate genes previously reported to be regulated by HIF-1α. 69–86

b
Y (yes) or N (no) indicates whether a gene was significantly regulated (p<0.01) in MS and SS smoke-exposed DIO mice; N/Y indicates that the 

gene was regulated in the DIO heart exposed to SS smoke, but not to MS smoke.
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