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Abstract

Rodent and nonhuman primate studies indicate that developmental programming by reduced 

perinatal nutrition negatively impacts life course cardio-metabolic health. We have developed a 

baboon model in which we feed control mothers (CON) ad libitum while nutrient restricted 

mothers are fed 70% of ad libitum global feed in pregnancy and lactation. Offspring of nutrient 

restricted mothers are intrauterine growth restricted (IUGR) at term. By 3.5 years IUGR baboons 

showed signs of insulin resistance, indicating a pre-diabetic phenotype, in contrast to healthy CON 

offspring. We hypothesized that a novel breath analysis approach would provide markers of the 

altered cardio-metabolic state in a non-invasive manner. Here we assess whether exhaled breath 

volatile organic compounds (VOCs) collected from this unique cohort of juvenile baboons with 

documented cardio-metabolic dysfunction resulting from in utero programming can be detected 

from their breath signatures. Breath was collected from male and female CON and IUGR baboons 
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at 4.8 ± 0.2 years (human equivalent ~13 years). Breath VOCs were quantified using a two-

dimensional gas chromatography mass spectrometer. Two-way ANOVA, on 76 biologically 

relevant VOCs identified 27 VOCs (p < 0.05) with altered abundances between groups (sex, 

birthweight, and sex x birthweight). The 27 VOCs included 2-pentanone, 2-octanone, 2,2,7,7-

tetramethyloctane and 3-methyl-1-heptene, which have not previously been associated with 

cardio-metabolic disease. Unsupervised principal component analysis of these VOCs could 

discriminate the four clusters defining males, females, CON and IUGR. This study, which is the 

first to assess quantifiable breath signatures associated with cardio-metabolic programing for any 

model of IUGR, demonstrates the translational value of this unique model to identify metabolites 

of programmed cardio-metabolic dysfunction in breath signatures. Future studies are required to 

validate the translatability of these findings to humans.
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Introduction

Breath analysis of volatile organic compounds (VOCs) has potential for providing non-

invasive biosamples for assessment of metabolic diseases [1]. From single-celled microbes 

[2] to complex organisms including mammals [3], many organisms produce VOCs. 

Quantifying VOCs yields signatures, which may indicate the metabolic state of the 

organism. VOCs, which are present in all bodily fluids [4], can be products of cellular 

metabolism [3, 5]. An intriguing aspect of VOC research is the potential to identify disease 

status by comparing samples from disease and non-disease states. This approach has been 

applied to a number of human diseases including lung [6–8], digestive [9–12], and metabolic 

diseases [13–15].

Human diseases have complex origins including genetics and the environment and their 

interactions. Given their anatomical, genetic, and physiological similarities to humans, 

nonhuman primates (NHP) serve as excellent model organisms for studying human disease. 

NHPs naturally develop obesity, diabetes, hypertension and cardiovascular disease similar to 

humans, and it is possible to tightly control breeding, diet, and environment [16]. Baboons, 

an Old World NHP species, have been used to address developmental programming, 

specifically how maternal health and the intrauterine environment impact health and 

development of offspring in utero with many outcomes persisting postnatally [17, 18]. 

Intrauterine growth restriction (IUGR), is defined by low birthweight [17], and can be 

caused by multiple challenges during fetal development including moderate maternal caloric 

restriction (MCR) and insufficient placental nutrient transport [17, 19]. Additionally, IUGR 

has also been associated with increased risk of disease later in life including cardio-

metabolic diseases [20–22].

Recent evidence shows that IUGR impacts fetal development and postnatal health [23–27]. 

Analysis of baboon fetal heart tissue revealed that MCR altered mitochondrial DNA content, 

mRNA expression of oxidative phosphorylation mitochondrial genes and oxidative stress as 
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indicated by increased levels of lipid peroxidation [28]. Juvenile IUGR baboons have 

increased insulin resistance and β-cell responsiveness indicative of emerging diabetes [23]. 

As young adults, they have sub-optimal right and left ventricular cardiac function [27, 29]. 

Adult male IUGR rats were more susceptible to hypoxia, evident through decreased 

myocardial mitochondrial function and contractility of the right ventricle [26]. These studies 

indicate that IUGR has a major impact on cardio-metabolic function, altering the trajectory 

of health and accelerating disease development. With this evidence of cardio-metabolic state 

by early adulthood, we hypothesized that markers indicative of metabolic differences 

between IUGR and control (CON) baboons would be present and quantifiable in biosamples 

prior to the development of observable, overt, clinical disease. To establish any changes, we 

collected breath samples from juvenile male and female IUGR and CON baboons, the 

closest experimental model for human translation, to determine feasibility of breath analysis 

and identification of biomarkers of sex and IUGR-status.

Methods

Animal model

All animal procedures were approved by the Texas Biomedical Research Institute’s 

Institutional Animal Care and Use Committee and conducted in AAALAC approved 

facilities. Baboons (Papio hamadryas) were maintained at the Southwest National Primate 

Research Center in outdoor group housing, which provided full social environment, physical 

activity and feeding using an individual feeding system described previously in detail [30]. 

From 0.16 gestation, age- and weight-matched pregnant female baboons were randomly 

assigned to be fed either ad libitum during pregnancy and lactation or a diet that was 

globally reduced to 70% of feed eaten by controls at the same stage of gestation [31]. 

Offspring of these mothers, IUGR and CON, lived in the same group housing and were fed 

the same diet (12% energy from fat, 18% from protein, and 69% from carbohydrate 

consisting of 0.29% glucose and 0.32% fructose; Monkey Diet 5038, Purina, St Louis, 

Missouri) after weaning at 9 months. This study assessed IUGR and CON baboons as 

juveniles, which included male (n = 3, M-CON and n = 3, M-IUGR) and female (n = 4, F-

CON and n = 3, F-IUGR) baboons with an average age of 4.8 ± 0.2(human equivalent~13 

years of age).

Sample collection

Animals were fasted overnight prior to breath collections. Anesthesia was induced with 

ketamine hydrochloride (10 mg kg−1 I.M.) and continued with isoflurane (1%−2%). Breath 

samples were collected in the same clinical room for all animals with the same scientific and 

veterinary staff present for each collection. Each sample was collected over 120 s from 

intubated baboons. Using a breath collection apparatus (Menssana Research, Inc., Fort Lee, 

NJ), exhaled breath was pulled across sorbent tubes (Anasorb GCB1, SKC, Eighty Four, PA) 

through a T-line that was inserted into the exhalation line. Samples were collected at a rate 

of 0.5 l min−1. Air-lines were flushed for a minimum of 120 s between animals. Tubes were 

sealed and stored at 4 °C until analysis.
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GC × GC-TOF MS analysis

Sample tubes were thermally desorbed using a Unity 2 thermal desorber (Markes 

International Inc., Gold River, CA) onto a Pegasus 4D GC × GC-TOF MS system equipped 

with an Agilent 6890 gas chromatograph (Agilent Technologies, Santa Clara, CA) in line 

with a LECO time-of-flight mass spectrometer (LECO Corp, St Joseph, MI). Primary 

column was a 30 m × 0.25 mm i.d. × 0.25 μm df Rtx-5MS (Restek Corp., Belefonte, PA) and 

secondary column a 2 m × 0.18 mm i.d. × 0.18 μm df DB-17M (Agilent Technologies, Santa 

Clara, CA). Carrier gas was helium and runs were performed in splitless mode. The initial 

temperature was 35 °C for 1 min, followed by ramping to 100 °C at a rate of 5 °C min−1 and 

ramping to 250 °C at a rate of 8 °C min−1 followed by a 30 s hold. Secondary column and 

modulator temperature offsets were each set to +20 °C. The thermal modulation periods 

were set to 5 s, hot pulse time 1 s and cool time between stages 1.5 s. Column flow was set 

to 2.0 ml min−1 and the total run time was set to 34 min. The transfer line was set to 280 °C 

and ion source 200 °C. Acquisition rate was set to 200 spectra s−1 with a 120 s delay and 

mass range of 35–400 amu.

VOCs identification

ChromaToF software with Statistical Compare (LECO Corp., St Joseph, MI) was utilized to 

process the total ion chromatograms including baseline correction, deconvolution, peak 

calling, spectral matching base on set configurations and VOCs alignment. Only peaks with 

a minimum spectral match score of 700 (Forward score) to the NIST 2011 library (National 

Institute of Standards and Technology, 2011) were included in the analysis. Statistical 

Compare allows for both retention time alignments in addition to spectral matching across 

samples. Each VOC was required to be present in all samples within a group to be included 

in further analyses. Alignments were exported for further processing. Peak abundances were 

used to create a list of consolidated VOC IDs and sorted based on the presence or absence 

across animal groups. VOCs were further processed through searching available published 

literature and metabolite databases (supplementary table 4 is available online at 

stacks.iop.org/JBR/12/036016/mmedia) to determine biological relevance or know 

contamination (phthalates, siloxanes, silanes, organohalides, styrenes, etc). For our MS 

platform we assigned them ‘level 2—identified compounds’, e.g. fragmentation/MS2 spectra 

consistent with spectra and fragmentation ions or accurate masses with proposed structures, 

as described previously [32]. Raw datasets are provided as supplementary tables 1 and 2.

Normalization and statistical analysis

Sorted VOC abundances present for 13 baboon samples were imported into Partek 

Genomics Suite (Partek, Inc., St. Louis, MO). The dataset was quantile normalized [33] and 

subjected to a two-way ANOVA. Sex, birthweight, and interactions between sex and 

birthweight were assessed to compute fold changes and p-values. We report VOCs for both 

nominal (p < 0.05) and adjusted p-values (FDR correction of 0.05). A Venn diagram was 

created using R package VennDiagram [33]. All normalized and statistically analyzed data 

are provided as supplementary table 3.
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Results

Identification of VOCs in all groups

Collection of breath VOCs from baboons under isoflurane sedation poses challenges to 

chromatographic separation of metabolites due to the high concentrations of isoflurane 

contained in the mixed exhaled breath sample. This challenge was overcome by using the 

chromatographic resolution conferred by GCxGC to effectively separate breath VOCs from 

the isoflurane metabolites (figure 1). Our initial alignment for each group produced 1059 

VOCs assigned to at least one of the four experimental groups (figure 2). Through a data 

filtering workflow (figure 3), 148 identified VOCs were present in all groups. 76 VOCs 

remain after the removal of known contaminants and non-biological VOCs (supplemental 

table 2). Statistical analysis was performed on these 76 metabolites only, resulting in 27 

VOCs with significantly different abundances.

Breath VOCs indicative of sex differences and birthweight

Two-way ANOVA of VOC abundances revealed putative VOCs, which differed significantly 

(nominal and adjusted p < 0.05) by sex (table 1) and birthweight (table 2). Listed in table 1 

are thirteen VOCs that differed between male and female baboons. Of the VOCs that were 

significantly different by sex, eight were novel to documented breath analysis including 2-

decanone, 2,2,7,7-tetramethyloctane, 1-hydroxy-cyclohexanecarboxylic acid, 1,5-

diisopropyl-2,3-dimethyl-cyclohexane, 1,5-diethyl-2,3-dimethyl-cyclohexane, (E,E)-2,4-

Heptadiene, 3-ethyl-phenol, and 2,3,6-trimethyl-heptane. Six of the VOCs were lower and 

seven were higher in female compared to male baboons. Eight of the thirteen compounds are 

hydrocarbons with two branched alkanes, 2,2,6-trimethyl-octane and 3,7-dimethyldecane 

having 10-fold and 12-fold lower levels respectively, while 2,3,6-trimethyl-heptane was 

approximately 40-fold higher in females compared to males. Additionally, three ketones, 2-

pentanone, 2-octanone, and 2-decanone where significantly different between males and 

females.

Listed in table 2 are twelve VOCs that differed between IUGR and CON baboons. Five 

novel hydrocarbons were detected with three, 2,2,7,7-tetramethyloctane, 1,2-diethyl-

cyclooctane and 3-methyl-1-heptene, having greater levels in IUGR baboons than CON and 

two others, trans-1,3-dimethyl-2-methylene-cyclohexane and 1,7-dimethyl-4-(1-

methylethyl)cyclodecane, having lower levels in IUGR compared to CON. Three additional 

hydrocarbons, 6-ethyl-2-methyl-octane,1,3-dimethyl-benzeneand 2,6-dimethyl-octane had 

lower levels in IUGR compared to CON baboons and both 2-octanone, and camphene had 

higher levels in IUGR compared to CON baboons.

In addition to assessing VOCs profile differences by sex and birthweight, we analyzed sex 

by birthweight and found 13 VOCs that were significantly altered (nominal and adjusted p 
<0.05) (table 3). Of the 13 compounds, three were ketones including 2-octanone, 2-

pentanone and 3-decanone, one was an aldehyde 2-ethyl-hexanal, one was an alcohol 2-

methylbutan-2-ol, and the remaining seven were hydrocarbons. We observed increased 

levels of 2-octanone for M-IUGR baboons compared to the 3 other groups and increased 

level of 2-pentanone in F-CON compared to the other 3 groups (supplementary table 3). 
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Additionally, 2-ethyl-hexanal was observed to lower in F-IUGR compared to F-CON and M-

IUGR (supplementary table 3). Combining these VOCs with tables 1 and 2 produced a list 

of 27 discriminately identified VOCs.

Principal component analysis (PCA) indicative of sex and birthweight

Utilizing an unsupervised PCA of abundances from 27 VOCs listed in tables 1–3 

discriminated samples into four distinct clusters (figure 4). This analysis explained 71.1% of 

the total variation in the data based on the first three principal components (PC), PC1 (28%), 

PC2(23.9%)andPC3(19.2%).

Discussion

Demonstration that breath VOCs can provide an accurate measure of metabolic status non-

invasively would significantly improve human health care by providing biomarkers for early 

detection of preclinical conditions in early pathophysiological stages. While VOC 

identification in human breath is an active area of investigation, human studies present 

challenges due to uncontrollable environmental and dietary factors that influence breath 

VOCs. Recent NHP studies have shown feasibility of breath collection while controlling 

many environmental factors in ways not possible in humans [34]. Our study was designed to 

show feasibility of identifying robust molecular signatures related to animals’ developmental 

history and sex in NHPs with tightly controlled environmental conditions. Our long-term 

goal is to use NHP metabolic signatures to inform signatures that may be embedded in 

noisier human samples.

Our study included baboon offspring with two different developmental histories and both 

sexes—those from normal pregnancies and those from sub-optimal pregnancies resulting in 

IUGR. To our knowledge, this is the first study assessing NHP breath VOCs to identify 

molecular signatures associated with sex and birthweight that may also be indicators of 

metabolic status. Although some studies have shown that IUGR is associated with childhood 

and adult morbidity, a recent meta-analysis of current birthweight standards shows that 

IUGR does not consistently predict offspring health outcomes [35]. These findings highlight 

the need to develop more sensitive indicators of an individual’s health status at birth.

IUGR baboons included in this study had moderately lower birthweights—approximately 

12% reduction compared to CON baboons [27, 31]. Approximately one year before breath 

samples were collected, the IUGR baboons in this cohort showed signs of a pre-diabetic 

phenotype, evident through increased insulin resistance and β-cell responsiveness [23]. In 

addition, one year after breath samples were collected, these IUGR baboons showed 

evidence of impaired cardiac function [27, 29, 36, 37]. Taken together, these observations 

indicate that the metabolic status of the IUGR baboons differs from CON baboons.

Our results revealed VOCs present in all four groups with known biological relevance and 

previously reported in breath [4, 6, 14, 34, 38, 39]; however, we also found many VOCs 

novel breath samples, which have no known relevance to biochemical pathways or 

physiological function. Although only a subset of the 76 VOCs were significantly different 

among the four groups, identification of previously reported compounds in humans 
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strengthens the potential translational value of our study in baboons while providing a 

platform for unbiased analysis to identify novel VOCs associated with an animal’s metabolic 

state.

We also found from our unbiased assessment, twelve VOCs that were different between 

IUGR and CON, six of which were previously reported in human breath [4, 6, 39–42]. The 

differences in ketone and branched hydrocarbons suggests that insulin resistance observed 

one year prior to breath collection in IUGR offspring may be associated with low grade 

inflammation and oxidative stress. 3-pentanone, a ketone structurally similar to 2-pentanone 

and 2-octanone, has been implicated in inflammatory conditions [5]. Therefore, the 15-fold 

increase in 2-octanone in IUGR compared to CON may be due to an inflammatory state in 

IUGR offspring.

IUGR has been shown to also increase oxidative stress in offspring [43]. Oxidative stress has 

been linked to altered breath profiles of alkanes [44]. Seven of the twelve metabolites that 

differed between IUGR and CON are hydrocarbons, many of which are methylated alkanes 

including 2,2,7,7-tetramethylocatane and 3-methyl-1-heptene; these profiles likely differ 

between IUGR and CON baboons due to differences in oxidative states.

We identified VOCs camphene (2,2-dimethyl-3-methylene-bicyclo[2.2.1]heptane) that 

differed between IUGR and CON. Camphene is derived from plants and has been shown to 

have antioxidant potential, impacting oxidative stress [45] and hyperlipidemia [46]. The 

source of this compound may be dietary with altered levels as result of different metabolic 

states between CON and IUGR baboons. Four novel breath hydrocarbons were revealed that 

differ between CON and IUGR baboons—1,2-diethyl-cyclooctane, 3-methyl-1-heptene, 1,3-

dimethyl-2-methylene-cyclohexane and 1,7-dimethyl-4-(1-methylethyl)cyclodecane. 

Identification of altered exhaled breath VOCs associated with birthweight support feasibility 

of identifying robust breath signatures from NHPs—future studies in a larger number of 

NHP are required for validation.

Our study revealed novel sex differences in identified breath VOCs through an unbiased 

approach. Identifying sex-specific signatures is important given that samples were collected 

prior to puberty, an age at which current clinical tests may not be able to decipher sex-

dependent outcomes. Particular diseases of interest may also have a sex-specific impact. To 

date, exhaled breath isoprene is the only reported VOC to show sex differences [47]. We did 

not detect isoprene in all of our samples and therefore did not include isoprene in our 

statistical analysis, but we did identify thirteen metabolites, seven of which were 

hydrocarbons that were significantly different by sex (table 1). Studies on fetal baboons 

reveal sex-specific differences in fetal weight [31], adipocyte differentiation [48], renal 

mitochondrial gene expression [49], and gene expression in adipose and liver tissues [50]. 

Sex differences in NHPs are partially mediated by the action of sex hormones, which have 

the potential to regulate metabolism in a number of different tissues including adipose tissue 

[51]. In male NHPs testosterone is necessary for normal white adipose tissue (WAT) 

morphology while in females NHPs, estrogen has a protective effect on WAT during 

excessive lipid exposure [51]. These differences in normal male and female physiology may 

lead to altered concentrations of circulating compounds involved in beta oxidation, 
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inflammation and lipid peroxidation impacting end-products detected in exhaled breath. Five 

of the VOCs detected, 2-pentanone, 2-octanone, 3,7-dimethyl-decane, 2,5,6-trimethyl-

decane and 2,2,6-trimethyl-octane, have previously been reported in human breath samples 

[4, 6, 52, 53]; the fact that they are expressed differentially between males and females is 

likely due to different physiological states. Ketones and methylated hydrocarbons related to 

those reported in this study have been implicated in altered metabolic states [5, 6, 39, 44]. 

Although animals were on the same diet at the time of the breath collection, differences in 

nutrient utilization and social behaviors have the potential to impact metabolite output. Our 

results reveal novel VOCs that distinguish these important physiological states; however, the 

origin of these metabolites as they relate to specific-sex metabolic status needs to be 

investigated further.

Given that impact of the sex of an organism can influence its metabolic state, we further 

examined whether each independent factor may interact, i.e. sex and birthweight, revealing 

additional VOCs of interest, which may extend our ability to identify signatures indicative of 

metabolic differences among groups. The interaction of sex x birthweight revealed 13 VOCs 

that are significantly altered (table 3). Nine of the compounds were hydrocarbons, ketones, 

and a carboxylic acid that were significantly different for sex or birthweight alone. Seven 

compounds are significantly different for the sex and birthweight interaction that were not 

significantly altered for sex or birthweight alone including 4-nonene, 2,3,6,7-tetramethyl-

octane, 3,7-dimethyl-decane (E)-4-octene, 2-ethyl-hexanal, 2,6,8-trimethyldecane and 2-

methyl-2butanol. Interestingly, 2,6,8-trimethyldecane, which was elevated in IUGR baboons, 

has been shown to be a potential biomarker of type 2 diabetes mellitus (T2DM)[14]. 

Combined with other alcohols, ketones and hydrocarbon 2,6,8-trimethyldecane was able to 

discriminate human T2DM from healthy control. It is worth mentioning that the age ranged 

from 14 to 85 years old which may suggesting 2,6,8-trimethyldecane could be an early 

indicator of a prediabetic state [14]. Aldehydes have also been implicated as indicators of 

increased oxidative stress [38]. Although 2-ethyl-hexanal was the only aldehyde with 

significantly altered levels (table 3), a number of aldehydes in the study were identified 

including hexanal, nonanal, octanal pentanal, and heptanal (supplementary table 3). These 

precise signatures provide a means to discriminate according to sex and birthweight and 

show the capacity of using exhaled breath profiles to discriminate sex and birthweight 

interactions that differ from sex or birthweight alone. This process would not be possible by 

assessing individual compounds, as it is an analysis of spectra from many compounds that 

increase our ability to define a breath signature for each animal group.

For over two decades, breath has been proposed for assessment of cardiac function and 

therefore a potential source of cardio-metabolic biomarkers [54–58]. As young adults 

(average age 5.6 ± 0.2 years) our IUGR baboons show cardiac dysfunction, including 

myocardial remodeling and reduced systolic and diastolic function [27]. IUGR baboons had 

rEF compared with CON [27] and interestingly, in human studies ketone bodies correlated 

with heart failure with reduced ejection fractions (rEF) [57]. One human study determined 

altered ketone bodies in exhaled breath of patients with congestive heart failure (CHF) 

compared to patients with heart disease but without CHF, and to healthy controls [54]. More 

recently a study assessing cardio-metabolic biomarkers, showed ketone bodies were elevated 

in heart failure patients compared to control patients, providing diagnostic potential of 
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breath analysis [59]. A follow up assessment of the prognostic potential of exhaled breath 

acetone concluded that higher levels were associated with poor prognosis of heart failure 

patients with rEF [58]. Ketone bodies are normal products of cellular metabolism [60]. They 

are also implicated in protection of organs and as a fuel source for many organs, including 

the heart [61]. Different concentrations of ketone bodies may be evidence of altered 

utilization and it is possible that the altered concentrations are a result of insufficient energy 

output by a specific organ thereby signaling a need for increased energy production. 

Although we did not detect differences in previously reported cardio-metabolic markers 

associated with cardiovascular disease in adults [54, 56–58], we did detect differences in a 

number VOCs including ketones, alcohols, and hydrocarbons through our unbiased analysis, 

which may be representative of altered cardiovascular function associated with IUGR and 

pre-puberty; approximately one year post breath collection, these animals showed impaired 

cardiac function [27]. Given that these VOCs were collected from juvenile baboons prior to 

their growth spurt and prior to the cardiac MRI analysis on this cohort [27], we do not know 

whether these animals had altered rEF and cardiac function and at the time of breath 

collection. However, since they had shown clear signs of cardio-metabolic function less than 

one year post breath collection, it is possible that the animals were experiencing signs of 

altered cardiac function reflected in the altered metabolic breath profiles observed.

A potential limitation of this feasibility study is the sample size. We addressed this limitation 

by imposing strict alignment software constraints, requiring spectral matches and two 

retention time matches for all groups of samples, and requiring all samples contain the 

identified VOCs to reduce the probability of false positives. With this study demonstrating 

feasibility of NHP breath analysis, future studies will include analysis of longitudinal 

samples from a greater number of CON and IUGR baboons through their remaining life 

course, to establish breath signatures of metabolic status and aging.

Conclusion

In summary, this study is the first to identify VOCs in exhaled NHP breath associated with 

sex and birthweight. Discovery of novel breath VOCs in a NHP that is metabolically very 

similar to humans shows the utility of this model to identify breath signatures associated 

with metabolic status. In addition, identification of VOCs in NHP previously identified in 

humans supports the feasibility of translating findings from NHP breath signatures of 

metabolic status to informing metabolic status in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We would like to acknowledge Menssana Research Inc. for providing GC × GC-TOF MS analysis.

This study was supported by the Southwest National Primate Research Center pilot study program (NIH P51 
RR013986), donors to the Healthy Babies fund at Texas Biomedical Research Institute, and an Internal Research 
and Development Grant at Southwest Research Institute (R8223). This investigation used resources supported by 
the Southwest National Primate Research Center (NIH P51OD011133) and was conducted in facilities constructed 
with support from NIH ORIP grants (C06 RR14578, C06 RR15456, C06 RR013556, andC06RR017515).

Bishop et al. Page 9

J Breath Res. Author manuscript; available in PMC 2019 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

[1]. Amann A et al. 2014 Analysis of exhaled breath for disease detection Annu. Rev. Anal. Chem 7 
455–82

[2]. Kai M, Haustein M, Molina F, Petri A, Scholz B and Piechulla B 2009 Bacterial volatiles and their 
action potential Appl Microbiol. Biotechnol. 811001–12

[3]. Amann A. et al. 2014; The human volatilome: volatile organic compounds (VOCs) in exhaled 
breath, skin emanations, urine, feces and saliva. J. Breath Res. 8

[4]. de Lacy Costello B. et al. 2014; A review of the volatiles from the healthy human body. J. Breath 
Res. 8

[5]. Kleber A. et al. 2016; Metabolism of 3-pentanone under inflammatory conditions. J. Breath Res. 
10

[6]. Caldeira M, Perestrelo R, Barros AS, Bilelo MJ,Morête A, Câmara JS and Rocha SM 2012 
Allergic asthma exhaled breath metabolome: a challenge for comprehensive two-dimensional gas 
chromatography J. Chromatogr. A 1254 87–97 [PubMed: 22835687] 

[7]. Smolinska A. et al. 2014; Profiling of volatile organic compounds in exhaled breath as a strategy 
to find early predictive signatures of asthma in children. PLoS One. 9

[8]. Basanta M. et al. 2012; Exhaled volatile organic compounds for phenotyping chronic obstructive 
pulmonary disease: a crosssectional study. Respir. Res. 13:72. [PubMed: 22916684] 

[9]. ChanDK Leggett CL and Wang KK 2016 Diagnosing gastrointestinal illnesses using fecal 
headspace volatile organic compounds World J. Gastroenterol 22 1639–49 [PubMed: 26819529] 

[10]. Cauchi M et al. 2014 Application of gas chromatography mass spectrometry (GC-MS) in 
conjunction with multivariate classification for the diagnosis of gastrointestinal diseases 
Metabolomics 10 1113–20

[11]. Shepherd SF. et al. 2014; The use of a gas chromatograph coupled to ametal oxide sensor for 
rapid assessment of stool samples fromirritable bowel syndrome and inflammatory bowel disease 
patients. J. Breath Res. 8

[12]. Di Cagno R et al. 2011 Duodenal and faecal microbiota of celiac children: molecular, phenotype 
and metabolome characterizationBMCMicrobiol. 11 219

[13]. Novak BJ, Blake DR, Meinardi S, Rowland FS, Pontello A, Cooper DMand Galassetti PR 2007 
Exhaled methyl nitrate as a noninvasive marker of hyperglycemia in type 1 diabetes Proc. Natl 
Acad. Sci. USA 104 15613–8 [PubMed: 17895380] 

[14]. Yan Y, Wang Q, Li W, Zhao Z, Yuan X, Huang Y and Duan Y 2014 Discovery of potential 
biomarkers in exhaled breath for diagnosis of type 2 diabetes mellitus based on GC-MS with 
metabolomics RSC Adv. 4 25430–9

[15]. Raman M et al. 2013 Fecal microbiome and volatile organic compound metabolome in obese 
humans with nonalcoholic fatty liver disease Clin. Gastroenterol. Hepatol. 11 868–75. [PubMed: 
23454028] 

[16]. Cox LA et al. 2013 Baboons as a model to study genetics and epigenetics of human disease ILAR 
J. 54 106–21 [PubMed: 24174436] 

[17]. Gilbert JS and Nijland MJ 2008 Sex differences in the developmental origins of hypertension and 
cardiorenal disease Am. J. Physiol. Regul. Integr. Comp. Physiol 295 R1941–52 [PubMed: 
18971349] 

[18]. Zambrano E and Nathanielsz PW 2013 Mechanisms by which maternal obesity programs 
offspring for obesity: evidence from animal studies Nutrition Rev. 71 (Suppl. 1) S42–54 
[PubMed: 24147924] 

[19]. Li C, McDonald TJ,Wu G, Nijland MJ and Nathanielsz PW 2013 Intrauterine growth restriction 
alters term fetal baboon hypothalamic appetitive peptide balance J. Endocrinol 217 275–82 
[PubMed: 23482706] 

[20]. Fowden AL, Giussani DA and Forhead AJ 2006 Intrauterine programming of physiological 
systems: causes and consequences Physiology 21 29–37 [PubMed: 16443820] 

[21]. Langley-Evans SC2015 Nutrition in early life and the programming of adult disease: a review J. 
Human Nutrition Dietetics 28 1–14

Bishop et al. Page 10

J Breath Res. Author manuscript; available in PMC 2019 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[22]. Padmanabhan V, Cardoso RCand Puttabyatappa M2016 Developmental programming, a pathway 
to disease Endocrinology 157 1328–40 [PubMed: 26859334] 

[23]. Choi J, Li C, McDonald TJ, Comuzzie A, Mattern Vand Nathanielsz PW2011 Emergence of 
insulin resistance in juvenile baboon offspring of mothers exposed to moderate maternal nutrient 
reduction Am. J. Physiol Regul. Integr. Comp.Physiol 301 R757–62 [PubMed: 21653880] 

[24]. McDonald TJ,Wu G, Nijland MJ, Jenkins SL, Nathanielsz PWand Jansson T 2013 Effect of 30% 
nutrient restriction in the first half of gestation on maternal and fetal baboon serum amino acid 
concentrations Br. J. Nutrition 109 1382–8 [PubMed: 23046718] 

[25]. Fouzas S, Karatza AA, Davlouros PA, Chrysis D, Alexopoulos D, Mantagos S and Dimitriou 
G2014 Neonatal cardiac dysfunction in intrauterine growth restriction Pediatr. Res 75 651–7 
[PubMed: 24522102] 

[26]. Keenaghan M, Sun L, Wang A, Hyodo E,Homma S and Ten VS 2016 Intrauterine growth 
restriction impairs right ventricular response to hypoxia in adult male rats Pediatr. Res 80 547–53 
[PubMed: 27557421] 

[27]. Kuo AH, Li C, Li J, Huber HF, Nathanielsz PWand Clarke GD2017 Cardiac remodelling in a 
baboon model of intrauterine growth restriction mimics accelerated ageing J. Physiol 595 1093–
110 [PubMed: 27988927] 

[28]. Pereira S 2017 Remodeling of cardiac mitochondrial profile in the fetal baboon by moderate 
global maternal nutrient reduction. ‘Abstract’ Eur. J. Clin. Invest 47 (Suppl. 1) 25–6

[29]. Kuo AH, Li C, Huber HF, Schwab M, Nathanielsz PWand Clarke GD2017 Maternal nutrient 
restriction during pregnancy and lactation leads to impaired right ventricular function in young 
adult baboons J. Physiol 595 4245–60 [PubMed: 28439937] 

[30]. Schlabritz-Loutsevitch NE et al. 2004 Development of a system for individual feeding of baboons 
maintained in an outdoor group social environment J. Med. Primatol 33 117–26 [PubMed: 
15102068] 

[31]. Li C, Ramahi E, Nijland MJ, Choi J, Myers DA, Nathanielsz P Wand McDonald TJ 2013 Up-
regulation of the fetal baboon hypothalamo-pituitary-adrenal axis in intrauterine growth 
restriction: coincidence with hypothalamic glucocorticoid receptor insensitivity and leptin 
receptor down-regulation Endocrinology 154 2365–73 [PubMed: 23625543] 

[32]. Sumner LW et al. 2007 Proposed minimum reporting standards for chemical analysis 
Metabolomics 3 211–21 [PubMed: 24039616] 

[33]. Chen H and Boutros PC 2011 VennDiagram: a package for the generation of highly-customizable 
venn and euler diagrams in R BMCBioinform. 12 35

[34]. Mellors TR et al. 2017 A new method to evaluate macaque health using exhaled breath: a case 
study of M. Tuberculosis in a BSL-3 setting J. Appl. Physiol 122 695–701 [PubMed: 28057819] 

[35]. MalinGL Morris RK, Riley RD Teune MJ and Khan KS 2015 When is birthweight at term (≥37 
weeks’ gestation) abnormally low?A systematic review and meta-analysis of the prognostic and 
predictive ability of current birthweight standards for childhood and adult outcomes BJOG 122 
634–42 [PubMed: 25601001] 

[36]. Kuo AH, Li C, Huber HF, Clarke GD and Nathanielsz PW 2017 Intrauterine growth restriction 
results in persistent vascular mismatch in adulthood J. Physiol (10.1113/JP275139)

[37]. Kuo AH, Li J, Li C, Huber HF, Nathanielsz PW and Clarke GD 2018 Poor perinatal growth 
impairs baboon aortic windkessel function. J. Dev. Orig. Health Dis 9 137–42 [PubMed: 
29017630] 

[38]. Poli D et al. 2010 Determination of aldehydes in exhaled breath of patients with lung cancer by 
means of on-fiberderivatisation SPME-GC/MSJ. Chromatogr. B 878 2643–51

[39]. Morisco F. et al. 2013; Rapid ‘breath-print’ of liver cirrhosis by proton transfer reaction time-of-
flight mass spectrometry. A pilot study. PLoS One. 8:e59658. [PubMed: 23573204] 

[40]. Libardoni M, Stevens PT, Waite JH and Sacks R 2006 Analysis of human breath samples with a 
multi-bed sorption trap and comprehensive two-dimensional gas chromatography (GC × GC) J. 
Chromatogr. B 842 13–21

[41]. Filipiak W et al 2012 Dependence of exhaled breath composition on exogenous factors, smoking 
habits and exposure to air pollutants J. Breath Res 6 036008 [PubMed: 22932429] 

Bishop et al. Page 11

J Breath Res. Author manuscript; available in PMC 2019 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[42]. Mochalski P, Al-Zoairy R, Niederwanger A, UnterkoflerKand Amann A2014 Quantitative 
analysis of volatile organic compounds released and consumed by rat L6 skeletal muscle cells in 
vitro J. Breath Res 8 046003 [PubMed: 25307263] 

[43]. Blackmore HL and Ozanne SE 2015 Programming of cardiovascular disease across the life-
course J. Mol. Cell Cardiol 83 122–30 [PubMed: 25510678] 

[44]. Phillips M, Cataneo RN, Greenberg J, Gunawardena R, Naidu A and Rahbari-Oskoui F 2000 
Effect of age on the breath methylated alkane contour, a display of apparent new markers of 
oxidative stress J. Lab Clin. Med 136 243–9 [PubMed: 10985503] 

[45]. Tiwari M and Kakkar P 2009 Plant derived antioxidants—geraniol and camphene protect rat 
alveolar macrophages against t-bhp induced oxidative stress Toxicol. In Vitro 23 295–301 
[PubMed: 19135518] 

[46]. Vallianou I and Hadzopoulou-Cladaras M 2016 Camphene, a plant derived monoterpene, exerts 
its hypolipidemic action by affecting SREBP-1 andMTPexpression PLoS One 11 e0147117 
[PubMed: 26784701] 

[47]. Lechner M et al. 2006 Gender and age specific differences in exhaled isoprene levels Respir. 
Physiol. Neurobiol 154 478–83 [PubMed: 16510318] 

[48]. Tchoukalova YD, Krishnapuram R, White UA, Burk D, Fang X, Nijland MJ and Nathanielsz PW 
2014 Fetal baboon sex-specific outcomes in adipocyte differentiation at 0.9 gestation in response 
to moderate maternal nutrient reduction Int. J. Obesity 38 224–30

[49]. Pereira SP, Oliveira PJ, Tavares LC, Moreno AJ, Cox LA, Nathanielsz PW and Nijland MJ 2015 
Effects of moderate global maternal nutrient reduction on fetal baboon renal mitochondrial gene 
expression at 0.9 gestation Am. J. Physiol. Renal. Physiol 308 F1217–28 [PubMed: 25761880] 

[50]. Guo C, Li C, Myatt L, Nathanielsz PW and Sun K 2013 Sexually dimorphic effects of maternal 
nutrient reduction on expression of genes regulating cortisol metabolism in fetal baboon adipose 
and liver tissues Diabetes 62 1175–85 [PubMed: 23238295] 

[51]. True C, Abbott DH, Roberts CT and Varlamov O 2017 Sex differences in androgen regulation of 
metabolism in nonhuman primates Adv. Exp. Med. Biol 1043 559–74 [PubMed: 29224110] 

[52]. Capuano R. et al. 2015; The lung cancer breath signature: a comparative analysis of exhaled 
breath and air sampled from inside the lungs. Sci. Rep. 5:16491. [PubMed: 26559776] 

[53]. Mochalski P, King J, Klieber M, Unterkofler K, Hinterhuber H, Baumann M and Amann A 2013 
Blood and breath levels of selected volatile organic compounds in healthy volunteers Analyst 138 
2134–45 [PubMed: 23435188] 

[54]. Kupari M, Lommi J, Ventilä M and Karjalainen U 1995 Breath acetone in congestive heart failure 
Am. J. Cardiol 76 1076–8 [PubMed: 7484868] 

[55]. Lommi J, Kupari M, Koskinen P, Näveri H, Leinonen H, PulkkiKand HärkönenM1996 Blood 
ketone bodies in congestive heart failure J. Am. Coll. Cardiol 28 665–72 [PubMed: 8772754] 

[56]. Marcondes-Braga FG et al. 2012 Exhaled acetone as a new biomarker of heart failure severity 
Chest 142 457–66 [PubMed: 22345382] 

[57]. Zordoky BN. et al. 2015; Metabolomic fingerprint of heart failure with preserved ejection 
fraction. PLoS One. 10:e0124844. [PubMed: 26010610] 

[58]. Marcondes-Braga FG. et al. 2016; Impact of exhaled breath acetone in the prognosis of patients 
with heart failure with reduced ejection fraction (HFrEF). One year of clinical followup. PLoS 
One. 11:e0168790. [PubMed: 28030609] 

[59]. Marcondes-Braga FG et al. 2012 Exhaled acetone as a new biomaker of heart failure severity 
Chest 142 457–66 [PubMed: 22345382] 

[60]. Cotter DG, Schugar RC and Crawford PA 2013 Ketone body metabolism and cardiovascular 
disease Am. J. Physiol. Heart. Circ. Physiol 304 H1060–76 [PubMed: 23396451] 

[61]. Puchalska P and Crawford PA 2017 Multi-dimensional roles of ketone bodies in fuel metabolism, 
signaling, and therapeutics Cell Metab. 25 262–84 [PubMed: 28178565] 

Bishop et al. Page 12

J Breath Res. Author manuscript; available in PMC 2019 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
GC × GC-MS total ion chromatogram for breath metabolomics in NHP breath samples 

collected in a heavy matrix of isoflurane. A contour plot of GC × GC chromatogram as a 

retention plane of both dimensions and a clear separation of the isoflurane (highlighted red 

box) across the lower primary dimension (x -axis) from the breath metabolites, which elute 

in the second dimension (y axis).
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Figure 2. 
A Venn diagram representing aligned VOCs. A four group Venn diagram showing VOCs 

present in individual baboon groups and overlapping groups. 148 VOCs were present in all 

samples.
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Figure 3. 
Data filtering workflow. VOCs present in all groups, having potential biological relevance 

and statistically significant differences (two-way ANOVA, nominal and adjusted p < 0.05) 

reduced from 1059 to 27 discriminatory VOCs.
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Figure 4. 
PCA reveals breath signatures that can discriminate sex and birthweight. PCA of 27 

discriminately identified VOCs cluster into four specific groups (highlighted red ovals) 

explaining 71.1% of the total variation in the data, a PC1 (28%), PC2 (23.9%) and PC3 

(19.2%).
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