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A B S T R A C T

Background: Isoprene (C5H8) is a clinically important breath metabolite. Although, hundreds of studies have re-
ported differential expressions in isoprene exhalation as breath biomarker for diverse diseases, the substance
couldn't enter to clinical practice as diagnostic marker. Moreover, many experimental/basic observations upon
breath isoprene remained unrelated to the corresponding pathophysiological effects on its putative metabolic
origin (i.e. mevalonate pathway). Here, we investigated the fundamental reason that hindered the rational
interpretation and translation of this marker from basic to clinical science.
Methods: Via high-resolution mass-spectrometry based breathomics in 1026 human subjects, we discovered adults
with significant deficiency (order of magnitude lower than the normal) and complete absence of breath isoprene.
We prospectively applied real-time breathomics, quantitative gene expression analysis of the mevalonate pathway
enzymes, lipid-profiling and hemodynamic monitoring on those isoprene deficient subjects and controls. Addi-
tionally, the subject with absence of isoprene was followed up throughout different phases of her womanhood.
Results: In contrast to convention, we witnessed that adults can live healthy without exhaling isoprene or with
significant deficiency. This rare phenotype represents a recessive inheritance. Despite physio-metabolic changes
during menstrual cycle (that is known to profoundly affect isoprene exhalation) and profoundly increased plasma
cholesterol during pregnancy and after childbirth, isoprene remained absent. All genes of mevalonate pathway
enzymes were normally expressed in all participants, without any down-regulation or compensatory up-
regulation.
Conclusions: Absence/deficiency of isoprene despite normal lipid profiles and no mevalonate pathway malfunction
disqualifies the long-believed metabolic origin of isoprene from cholesterol biosynthesis. Thus, clinical translation
of breath isoprene expressions should not be generally attributed to corresponding pathophysiological effects onto
mevalonate/cholesterol pathway. Our finding has refined and optimized the clinical interpretation of isoprene as
biomarker in volatile metabolomics and breathomics. Future studies will address the correct metabolic origin of
isoprene to imply this important marker to routine practice.
1. Introduction

Isoprene (C5H8) is the second most abundant (concentration mostly
range: ~100–300 ppbV in adults) endogenous volatile organic com-
pound (VOC) in human breath. Hundreds of clinical studies have
randomly reported differential-expressions of exhaled isoprene concen-
trations as non-invasive biomarker to detect/monitor lung diseases [1,2],
myocardial infraction [3], hypercholesterolemia [4], oxidative stress [5],
cancers [6,7] chronic liver disease [8] and many other health conditions
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[9]. Moreover, relative changes in exhaled concentrations mirror various
physio-metabolic effects [10,11,12,13,14]. Isoprene is believed to be a
by-product of cholesterol biosynthesis [15,16], where mevalonic acid is
deduced to non-sterol isoprenoid molecules [17]. According to litera-
tures, absence of non-sterol isoprene is attributed to inherited errors (e.g.
hyper immunoglobulinemia D syndrome, autoinflammatory periodic
fever syndrome and mevalonic aciduria) in mevalonate pathway [18,19,
20]. Breath isoprene deficiency in Duchenne muscle dystrophy patients
supports its storage and washout from the muscle compartments [21].
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Despite repeated claims to date, isoprene could not be translated to
routine clinical practice as a disease specific biomarker. Most surpris-
ingly, observed expressions of breath isoprene in many experimental/
clinical studies (including our own) remained unexplained while
considering the corresponding pathophysiological effects onto choles-
terol biosynthesis (mevalonate pathway) and observed changes are
randomly attributed to other effects such as endothelial cell damage,
aging and oxidative stress, inflammation, ventilation and so on [22,23,
24,25,26]. Despite previous doubts regarding the in vivo origin of
isoprene [27,28,29], the fundamental truth remained unaddressed. This
clearly summons the long-ignored investigation to address if we are
addressing the correct biochemical origin while interpreting breath
isoprene data as disease biomarker. As the answer to such fundamental
mystery may hide within the rare cases of extremities (i.e. isoprene
deficiency/absence), we started our search for such subjects, since 2013.

Until 2019, we have identified and quantified hundreds of VOCs (via
high-resolution mass-spectrometry) within the exhaled breaths from
>1000 humans, who belong to diverse demography. Eventually, we
came across a few adults with significant isoprene deficiency and even
without any traceable breath concentration. Looking at their health and
lifestyle, we questioned the putative endogenous origin of breath
isoprene [4,15,30] i.e. hypothesized since 1984 via an in vitro rat model
[31]. In order to address that question, we have conducted a
cross-disciplinary experiments involving real-time breathomics in par-
allel to lipid profiling and down-stream genetic analysis. Our present
study will refine certain longstanding belief/conception upon the in vivo
source of breath isoprene. This will offer rational interpretations of
isoprene exhalations, which may translate this important breath
biomarker towards clinical practice in the future.

2. Methods

2.1. Ethics

In accordance with the amended Declaration of Helsinki guidelines,
an ethical approval (Approval number: A 2019-0040) from the Institu-
tional Ethics Committee (University Medicine Rostock, Germany) and
signed informed consent from all subjects were obtained prior to inclu-
sion in the study. For breath sampling in infants, the consent of both
parents was obtained.
2.2. Breath VOC screening in search of human subjects with deficiency
and/or absence of breath isoprene

Since 2013 until 2019, we have enrolled 1026 subjects, who belong to
diverse age, gender, BMI, ethnicity and health conditions within our
breath test (i.e. real-time mass-spectrometry based). Demographic data
are listed in Supplementary Table 1. In 2015, we spotted the first young
and healthy woman (will be referred as ‘index’ within the manuscript)
without any traceable breath isoprene. As her blood-relatives also turned
out with significant breath isoprene deficiency, we also included her
immediate family members (i.e. her parents, -sibling sister, infant
daughter and her husband) into further experiments.
2.3. Measurement protocol for index, isoprene deficient subjects and
controls

Breath VOC measurement were repeated three times (on three
different days) in all subjects.

Knowing the possible up- or down-regulation of cholesterol homeo-
stasis under endocrine changes (e.g. female sex-hormone milieu) [32,33]
we measured index's breath compositions, lipid profile and hemody-
namic parameters throughout the menstrual cycle (i.e. periods,
mid-follicular, ovulation and mid-luteal phases), during her first preg-
nancy (monthly) and also after the successful child birth for any possible
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occurrence of isoprene or up- or down-regulation of any other endoge-
nous substances.

The index, her family members (except the infant, due to ethical
limitation) and four unrelated healthy adult controls (selected from the
measured population) with normal breath isoprene levels, voluntarily
provided blood for down-stream genetic analysis.

2.4. Study setup

Figure 1 represents an overview of our study setup. Proton transfer
reaction - time of flight - mass spectrometry (PTR-ToF-MS 8000; Ionicon
Analytik GmbH, Innsbruck, Austria) based real-time analysis of breath
VOCs along with the non-invasive hemodynamic monitoring were
synchronised together. Venous blood samples were collected for lipid
profiling and genetic analysis by the study physician.

2.5. Breath sampling and analysis

Subjects maintained a normal sitting posture [12] and performed oral
breathing [34] via custom made Teflon-mouthpiece of 2.5 cm diameter
[35]. The transfer-line of PTR-ToF-MS was connected to the sterile
mouthpiece to record VOC concentrations for continuous breath-resolved
analysis. After 1 min of metronome controlled paced breathing (respi-
ratory rate ¼ 12/min) subjects performed spontaneous breathing for five
more minutes. This sampling protocol significantly reduces ventilatory
variations and breath samples from 3rd minute (of spontaneous rhythm)
onward were considered for analysis [36].

The working principles and pre-optimized experimental conditions of
PTR-ToF-MS are described already [37]. Concisely, the soft ionisation of
VOCs is based on a non-dissociative proton transfer reaction that ionises
VOCs with relatively higher proton-affinity than water. Protonated VOCs
are then detected via a high-resolution time-of-flight mass-spectrometer
according to their mass to charge ratio. Our instrument can detect breath
VOCs (including isoprene) up to low pptV range. For a detailed
description of the method, see the Transparent Methods in Supplemen-
tary Material.

2.6. Blood sampling

Antecubital venous blood samples (20 ml/measurement/subject)
were collected for the analysis of conventional lipid profiles and genetic
analysis.

2.7. Lipid profiling

Total cholesterol, lipoproteins (a), high density lipoproteins (HDL),
low density lipoproteins (LDL) and triglycerides were analysed via con-
ventional clinical method.

2.8. Gene expression analysis

We checked the presence/absence of transcripts, which code for the
enzymes of the mevalonate pathway. Here, we applied quantitative po-
lymerase chain reaction (qPCR) upon the gene expressions of all principal
enzymes of the mevalonate pathway. The regulating genes are acetyl-
CoA acetyltransferase 2 (ACAT2), HMG-CoA synthase 1 -cytosolic
(HMGCS1), HMG-CoA reductase (HMGCR), mevalonate kinase (MVK),
phosphomevalonate kinase (PMVK), di-phosphomevalonate decarbox-
ylase (MVD), isopentenyl-diphosphate delta isomerase 1 (IDI1), farnesyl-
diphosphate synthase 1 (FDPS1), geranylgeranyl diphosphate synthase 1
(GGPS1), farnesyl-diphosphate farnesyltransferase 1 (FDFT1), lanosterol
synthase (LSS), 7-dehydrocloesterol reductase (DHCR7). The working
principles and optimised process of our qPCR is described before [38].
Primers used for gene expression analysis are listed in Supplementary
Table 2. Relative gene expression is normalized to GAPDH (i.e. house-
keeping gene) and calculated using the 2-ΔΔCt formula. Measurements



Figure 1. Schematic overview of the study setup. Continuous real-time breath analysis (via PTR-ToF-MS) and non-invasive hemodynamic monitoring (via
ClearSight System – volume clamp method) were performed along with real-time gene expression analysis (via quantitative-PCR) and clinical lipid-profiling from
collected blood samples. Moments from breath analysis of the index subject (before and during her pregnancy) and of her kid (daughter) are presented at the center.
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were repeated thrice in all subjects. For a detailed description of the
method, see the Transparent Methods in Supplementary Material.
2.9. Hemodynamic monitoring

We performed non-invasive measurement of cardiac output, stroke
volume, pulse rate and mean arterial pressure etc. via our optimised
volume clamp method [13] to track physiological effects during preg-
nancy. For a detailed description of the method, see the Transparent
Methods in Supplementary Material.
2.10. Statistical analysis

Sample size was computed while designing this study. We applied
analysis of variance (ANOVA) test by considering a minimum detectable
difference (as reported clinical studies) in mean isoprene intensities of 40
cps, an expected standard deviation of 150 (i.e. varying between 100 –

200 according to age, gander, BMI health conditions etc.), 6 groups, a
desired test-power of 0.99 and the alpha value of 0.005. Thus, the
resulting sample size was 1020 (to represent relevance to the general
population). In this study we have included 1026 subjects to detect less
than 5% differences in exhaled isoprene concentrations up to low pptV
levels.

Repeated measurements (thrice) of breath VOCs were performed in
all subjects on different days. Mean values (as data are normally
distributed) of expiratory and inspiratory isoprene concentrations were
calculated over a minute of breath-resolved data in each measurement/
subject.
3

Statistically significant differences in expiratory isoprene concentra-
tions between different age groups (pre-school children, pre-adolescents,
teenagers, adults and seniors) were judged via repeated measurement
ANOVA on ranks (Friedman repeated measures analysis of variance on
ranks, Shapiro-Wilk test for normal distribution and post hoc Stu-
dent–Newman–Keuls method for pairwise multiple comparisons between
all groups; p-value �0.005) in SigmaPlot (version 14) software. The
adults are divided into three distinct cohorts depending on the normal
levels (n ¼ 532), absence (n ¼ 01) and deficiency (n ¼ 5) of exhaled
isoprene. All groups were compared to each other and in Figure 3 we
presented those referring to the group of adults with normal isoprene
levels.

Statistically significant differences in expiratory and inspiratory
concentrations (obtained via repeated measurements) were compared
between the index subject, her parents, sibling-sister, infant daughter,
husband and unrelated controls. A repeated measurement ANOVA on
ranks (as indicated above) was applied for all pair-wise multiple
comparisons.

3. Results

3.1. Alveolar isoprene exhalation in different groups

Figure 2 represents the exhaled alveolar isoprene concentrations from
the entire study population of 1026 human subjects (aged between
01–90 years), measured from 2013 to 2019. Among them there were 7
pre-school children (3 males & 4 females; age: 0–05 years), 75 pre-
adolescents (35 males & 40 females; age: 06–12 years), 193 teenagers



Figure 2. Exhaled alveolar isoprene concentrations from entire study population (1026 humans), measured since 2013 till 2019. X-axis represents calendar
years since 2013. Y-axis represents exhaled alveolar concentrations of isoprene in all participants. Primary Y-axis stands for alveolar abundances in counts per second
(cps) and secondary Y-axis stands for the absolute concentrations in parts-per-billion by volume (ppbV) i.e. obtained via standard calibration driven quantification.
Each coloured dot represents the exhaled breath isoprene value (mean over a minute) from each subject. The horizontal dotted line represents the inspiratory (i.e.
room air) concentration range of isoprene. The adult without isoprene (n ¼ 01) and adults isoprene deficiency (n ¼ 05) are also indicated clearly. Other data points at
the low range (i.e. below 500 cps) are from pre-school kids and pre-adolescents.
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(110males& 83 females; age: 13–19 years), 538 adults (281males& 257
females; age: 20–59 years) and 213 seniors (46 males& 167 females; age:
60–90 years).

Pre-school kids had exhaled low (near inspiratory) isoprene concen-
trations (mean � SD) of 08.20 � 2.74 ppbV. Concentrations in pre-
adolescents ranged at 87.39 � 60.25 ppbV and in teenagers ranged at
112.75� 70.16 ppbV. In seniors, exhaled isoprene concentrations ranged
at 117.08 � 42.78 ppbV.

Among the adults, exhaled isoprene concentrations in 532 adults
were at the normal range of 137.52 � 48.2 ppbV. Only the index woman
(German ethnicity) did not exhale any detectable/quantifiable isoprene
(with respect to the minimal inspiratory room-air concentrations) in her
breath. Absolute isoprene concentrations (repeated measurements mean
� SD) in her isoprene deficient blood-relatives i.e. sibling sister, mother,
father and infant daughter (<1 year old) were 19.87 � 4, 27.55 � 5,
39.25 � 6 and 05 � 2 ppbV, respectively. The same in her husband was
111.46 � 15 ppbV. In 2017 and 2018, we spotted two other young and
healthy women (27 & 24 years old) with deficient breath isoprene con-
centrations of 11.45 � 3 ppbV (Spanish ethnicity) and 6.41 � 2 ppbV
(Columbian ethnicity), respectively. As they were in short-term study
visit and soon moved to their home countries, we couldn't conduct any
follow-up or genetic analysis. Surprisingly, neither the index nor the
isoprene deficient subjects were suffering from any acute or chronic
disease or any abnormality in cholesterol and lipid profile. Exhaled
isoprene concentrations in four controls (02 males & 02 females, who
were included in genetic analysis) were 114.52 � 6.2, 144.51 � 12.8,
176.70 � 11.2 and 227.96 � 10.4 ppbV, respectively.

Exhaled isoprene concentrations from the above-mentioned age co-
horts are presented in Figure 3. Statistically significant differences are
presented with respect to the group of adults (n ¼ 532) with normal
isoprene levels. Detailed results of statistical comparisons are listed in
Supplementary Table 3.
4

Differences between inspiratory and expiratory concentrations of
breath isoprene from index, index family and unrelated healthy controls
are presented in Figure 4 (a). No significant differences were found in the
expiratory isoprene concentrations of index and her daughter with
respect to inspiratory values. Detailed results of statistical comparisons
are listed in Supplementary Table 4.

3.2. Gene expression of mevalonate and cholesterol biosynthesis pathway
enzymes

All genes analysed were expressed in control samples, index and all
family members, indicating normal pathway functionality in Figure 4 (b).
This is in line with the data obtained from blood lipid and cholesterol
measurements. Compared to control samples the gene expression of the
index subject was within normal range with enzymes responsible for the
upper part of the cholesterol synthesis (ACAT2, HMGCS1, HMGCR, MVK,
PMVK, MVD, IDI1, FDPS1, GGPS1) slightly increased (1.04-fold–1.77-
fold). In contrast, FDFT1, LSS and DHCR7 were down-regulated (0.76-,
0.72- and 0.88-fold, respectively) but also within normal range. Her
mother has a gene expression profile that is rather adverse, with upper
pathway enzymes rather decreased and a slight up-regulation of down-
stream genes. The profile of the father resembles that of the mother while
her husband demonstrates similarities with the index. Of note, the group
of controls are quite heterogeneous with two persons (Control-1, male;
Control-4, female) exhibiting overall low gene expression patterns and
the other two (also one male, one female) a rather up-regulated choles-
terol synthesis pathway. Detailed results of gene expression analysis are
listed in the Supplementary Table 5.

Analysing the overall distribution, we could not detect a cluster or
pattern separating controls and index family members. With all isoprene-
deficient or -low family members well within the normal range and no
clustering detected either within the family cohort or between family



Figure 3. Distribution of exhaled isoprene concentrations according to age
groups. X-axis represents different age groups with number of measured sub-
jects in each. Y-axis represents exhaled alveolar concentrations of isoprene
(ppbV). The adults are presented into three distinct cohorts depending on the
normal levels (n ¼ 532), absence (n ¼ 01) and deficiency (n ¼ 5) of isoprene.
Statistical significances of differences were tested by means of one-way repeated
measurement-ANOVA on ranks (p-value � 0.05). From all pairwise-multiple
comparisons, statistically significant differences (with respect to adults with
normal isoprene levels) are marked with blue-colored asterisk.
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cohort and controls we conclude that aberrant cholesterol pathway gene
expression is not a factor involved in absent isoprene synthesis.
3.3. Lipid profile, hemodynamics and VOC exhalation during womanhood
of the subject without isoprene

Changes in absolute values of lipid profile, hemodynamic parameters
and relative changes in exhaled alveolar concentrations of 28 VOCs took
place during her menstrual cycle phases, pregnancy and after child birth
(Figure 5). Pronounced physiological and metabolic effects are observed
on other breath VOCs during menstrual cycle and pregnancy. Despite
profound fluctuation in cardiac output and increased cholesterol pro-
duction during pregnancy, her isoprene remained absent.

In order to reduce confounding effects, only compounds with expi-
ratory abundances significantly higher than the inspiratory room-air
abundances (þstandard deviations of room-air abundances) were
selected for analysis. Among those, we selected 28 compounds in order to
address a broad spectrum of chemical classes, physico-chemical proper-
ties and substance-specific physiological/metabolic effects. These sub-
stances reflect important aspects for human breathomics e.g. diverse
origins (endogenous and blood borne, oral cavity, pre-exposure) and
dependencies on physiological and metabolic changes and effects.

4. Discussion

In accordance with the previous evidences [24,39], a distinct de-
pendency of isoprene exhalation on ageing is observed within our study
population. In contrast to conventional knowledge [18,19], we witnessed
that adults can live healthy without exhaling isoprene or with significant
isoprene deficiency. Isoprene exhalations in index family indicate a
recessive inheritance of this phenotype. Here, her isoprene deficient
5

parents and sibling sister are carriers of the character whereas, tiny
presence is quantified in her infant daughter (<1 year old) as her hus-
band has normal levels (Please see Supplementary Figure. 1).

Any functional loss of one pathway member would probably result in
compensatory upregulation of other enzymes. As this was not observed in
gene expressions, we conclude that there are no functional aberrations in
cholesterol synthesis. Very heterogenous gene expressions in controls
and in persons without isoprene and with isoprene deficiency have
indicated that mevalonate pathway gene expression does not influence
isoprene synthesis and thereby, cholesterol biosynthesis is likely not the
source of isoprene in human breath.

Since the inception of human breathomics, isoprene has been the
substance of potential interest especially, in the field of non-invasive
physiological and metabolic monitoring. Due to its low aqueous solubi-
lity and high volatility, isoprene mirrors the pulmonary ventilation-
perfusion phenomenon [13]. Its systemic transport to alveolar capillary
is cardiac output (lung perfusion determinant) dependent [12,40] and
pulmonary elimination is based on intra-alveolar pressure gradient
driven diffusion [35]. Simple physiological changes in hemodynamics
and/or ventilation are immediately reflected in isoprene exhalation [11,
12,34,40]. We observed diverse changes in breath isoprene levels
throughout menstrual cycles – with/without administration of monthly
oral contraceptive pills [14]. As physiological effects (ventilatory and
hemodynamic) and metabolic changes (endocrine interplay) are readily
observed in isoprene exhalation, this compound is supposed to fluctuate
significantly during pregnancy. Despite pronounced physiological in-
crease in her plasma cholesterol levels throughout gestation [41] and
elevated cardiac output, isoprene did not appear (Figure 5). Exhaled
alveolar concentrations of endogenous VOCs changed mainly because of
pregnancy induced hormonal changes (causing homeostatic metabolic
effects on in vivo origins of substances), obvious oxidative stress (em-
bryonic development driven), changes in broncho-pulmonary gas-(-
VOCs)-exchange under increased cardiac output (counter-balancing
oxygen- and nutrients demand of the foetus) and altered respiratory rate,
tidal volume and minute ventilation (due to uplifted diaphragm of the
mother). Here, we have restrained ourselves from discussing substance
specific behaviour of VOCs as this is not the principal focus of this
manuscript.

Literatures state that dimethylallyl pyrophosphate (DMAPP) is con-
verted to isoprene by isoprene synthase enzyme in plants [42]. The
enzyme is reasonably well studied in plants [43] but poorly characterized
in microbes and animals. DMAPP undergoes non-enzymatic degradation
in animal liver [31] but the reaction rate is too slow to constantly source
breath isoprene. Although enzymes with multiple functional domains
(catalytic sites with broad binding and conversion capabilities) can
convert DMAPP to isoprene, bioinformatic sequence alignment (whole
sequence/functional domain based) search for the plant isoprene syn-
thase with human genes failed to find enzyme homologs. Consequently,
the deficiency/absence of isoprene in healthy adults may indicate that
the conversion of DMAPP to isoprene might not be essential for life.
Seeing its emission from bacteria, marine algae, plants, animals and us it's
hard to disregard the phylogenetic/evolutionary significance of its
endogenous production [30,44]. As nature doesn't play dices, it's unlikely
for any redundant biochemical pathway to sustain throughout the course
of evolution. Although isoprene protects thermal damage of photosyn-
thetic membranes in plants [42], the biological importance in animal or
human is unknown. From a toxicological point of view, isoprene is a
carcinogen by nature and prolonged exposure to inhaled isoprene has
shown cancer growth in rodents [45,46,47]. Thus, isoprene exhalation
might be a blood-breath excretory axis of hydrocarbon homeostasis in
blood. Considering the muscle compartments as potential storage of
isoprene [21], exercise increases its elimination [10] and thereby sup-
ports its benefit towards physiological detoxification.

Mevalonate kinase (MVK) enzyme deficiency is an ultra-rare auto-
somal recessive (gene locus: chromosome 12q24) inborn defect of
metabolism (aka. Mevalonic aciduria) with an autoinflammatory
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phenotype [48,49] i.e. characterised by absence of isoprene. Allogenic
bone marrow transplantation from heterogenous carrier of the mutant
gene has shown symptomatic improvement in mevalonic aciduria patient
[20]. In contract to that our index is healthy and all genes of the
mevalonate pathway enzymes are transcribed despite the same recessive
phenotype (i.e. absence of isoprene) as of mevalonic aciduria patients.
Thus, one may assume that one of these multi-functional enzymatic sites
is malfunctioning. Hence, she does not have isoprene but she doesn't
suffer any consequences of the genetic abnormality. This has summoned
future down-stream genome analysis (e.g. exome sequencing) to spot this
healthy mutation in order to find the actual biochemical origin of
isoprene in human. Our future work will address those investigations.

In volatile metabolomics and breathomics, clinical interpretations of
differential-expressions/changes in endogenous VOC markers rely upon
the primary effects of a pathophysiology onto the biochemical/metabolic
origin of substances. Many clinical observations/results upon the effects
of a disease onto cholesterol-genesis and isoprene exhalation remained
unexplainable and are attributed to other phenomena such as endothelial
damage [22], aging [39], inflammatory process [26], ventilatory effects
[25] etc. For instance, we observed no relation (Pearson correlation
based on 968 independent observations at p-value significance of �0.05.
Please refer to the supplementary material of the corresponding article by
Trefz et al.) between plasma cholesterol levels and exhaled isoprene
concentrations within large cohort of healthy and diabetic children [23].
In line with those, our present finding is clearly reporting that the long
anticipated in vivo origin of breath isoprene is incorrect. Thus, we have
addressed a general misconception that hinders trustworthy bio-medical
interpretation of this important biomarker in our field of omics.
6

5. Conclusions

We have pioneered that absence/deficiency of breath isoprene is not
necessarily a pathological phenotype. The recessive pedigree and healthy
manifestation of this phenotype along with no functional aberration in
cholesterol- and/or mevalonate pathway genes have contradicted the
conventionally hypothesised origin of isoprene in human breath. Our
data shouts for future investigations to find the actual metabolic process/
biochemical pathway of isoprene production. Otherwise, clinical in-
terpretations of breath isoprene will be misleading and at random.
Absence/suppression of true isoprene production process in our healthy
index/index family have summoned further studies to track the possible
presence of any compensatory mechanism in such individuals. Clinical
translation of our basic findings may open up an unexplored frontier
towards the limited clinical understanding of certain ultra-rare diseases
as well as will trailblaze the rational interpretations of isoprene exhala-
tion under various health conditions as reliable breath biomarkers in
future.

5.1. Limitations of the study

While looking at the present limitations, despite screening >1000
subjects, we were able to find only one adult without isoprene and five
adults with significant deficiency of isoprene and therefore, we could not
run a rational statistical correlation analysis (between breath isoprene
and gene-expression) within this study. However, our finding indicates a
rare prevalence of this phenotype. Furthermore, considering the
observed negligible amounts of exhaled isoprene in kids below the age of
Figure 4. Comparison of differences in
exhaled alveolar isoprene concentrations
in all subjects (a). Gene expression anal-
ysis of enzymes involved in cholesterol
synthesis in all subjects (b). (a) Y-axis
represents the absolute values of repeatedly
measured isoprene concentrations (ppbV) in
each subject's expiratory breath and in the
corresponding inspiratory room air. X-axis
represents study subjects and room air. Index
subject is indicated as ‘She’ and rest of the
family members are assigned in relation to
her. Four healthy control subjects (unrelated
to her) are also listed. Statistical signifi-
cances were tested by means of one-way
repeated measurement-ANOVA on ranks (p-
value � 0.05). From all pairwise-multiple
comparisons, statistically significant differ-
ences (with respect to inspiratory room air)
are marked with blue-colored asterisk. (b)
Gene expression was determined by qPCR
and subsequent ddCT determination relative
to GAPDH. The mean of all controls was
calculated and used as baseline value for fold
change determination of controls and index
family members. The regulating genes are
acetyl-CoA acetyltransferase 2 (ACAT2),
HMG-CoA synthase 1 -cytosolic (HMGCS1),
HMG-CoA reductase (HMGCR), mevalonate
kinase (MVK), phosphomevalonate kinase
(PMVK), di-phosphomevalonate decarbox-
ylase (MVD), isopentenyl-diphosphate delta
isomerase 1 (IDI1), farnesyl-diphosphate
synthase 1 (FDPS1), geranylgeranyl diphos-
phate synthase 1 (GGPS1), farnesyl-
diphosphate farnesyltransferase 1 (FDFT1),
lanosterol synthase (LSS), 7-dehydrocloes-
terol reductase (DHCR7).



Figure 5. Heatmap of exhaled breath VOC compositions, lipid profile and hemodynamic values of the index subject during different phases of her
womanhood. Normalized (onto maximum value) expression (i.e. Heatmap) of relative changes in exhaled VOC concentrations throughout her menstrual cycle (Period
– day after period –mid follicular – ovulation phase –mid luteal – 2nd period), pregnancy (from 4th – 10th months) and the immediate follicular and luteal phases of the
menstrual cycle after the successful child birth is presented as a heatmap. For VOCs, changes in colours from red to blue symbolise relative changes from higher to
lower concentrations and vice versa (Please refer to the color scale). The sum formula of protonated isoprene [i.e. (C5H8)Hþ] is indicated in red color. Absolute values
of lipid profile (cholesterol, HDL, LDL, lipoproteins and triglycerides) and hemodynamic parameters (cardiac output, stroke volume and pulse rate) along with
corresponding healthy reference range (age, gender and BMI matched) are presented before, during and after pregnancy. In spite of pregnancy driven pronounced
physiological and metabolic effects on many other VOCs, isoprene remained absent in the index.
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five years, it is hard to draw further conclusions onto observed concen-
trations of index's daughter before 2025.
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