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Abstract

Volatile organic compounds (VOCs) offer potential for non-invasive diagnosis as biomarkers of
disease and metabolism. In complex biological matrices, such as breath however, identifying useful
biomarkers from hundreds, or even thousands of VOCs can be challenging. Models of disease, such
as cellular or animal models, offer a means to elucidate VOC metabolisms, for accurate targeted
studies in patient samples. Neurodegenerative conditions, such as Parkinson’s have been associated
with changed VOC:s, offering a potential for early diagnostics and interventions improving
treatments and outcomes for patients. Here, three separate models including; human HEK-293t
cells, isolated primary rat glial cells, and Drosophila fruit flies (wild type and a mutant of the
Parkinson’s associated gene, DJ-1/3) were grown for an extended period and levels of the VOC
chloroform investigated using custom static headspace sampling chambers. Samples were analysed
using targeted gas chromatography mass spectroscopy with selected ion monitoring mode,
measuring chloroform at masses 83/85. Chloroform levels were shown to dramatically increase in
all models over time. HEK-293t cells revealed a 60-fold increase after 10 weeks, glial cells revealed a
10-fold increase after 3—4 weeks and DJ-13 mutant flies revealed significant increases compared to
control flies at 4 weeks. These results, taken together, suggest that chloroform release is related to
ageing in these models and may provide a target for neurodegenerative studies. We present here the
first evidence of chloroform being actively produced by human and rat cells and the first
observation of volatile metabolisms in Drosophila. Recent clinical studies have also identified
increased chloroform flux in the breath of patients, supporting the translational potential of our

findings.

1. Introduction

Volatile organic compounds (VOCs) diffuse read-
ily through cellular membranes and liquids and are
released and consumed through cellular metabol-
ism, offering potential non-invasive diagnosis [1, 2].
VOCs define odour and examples of smell being used
for the diagnosis of neurodegenerative conditions
have encouraged efforts for non-invasive diagnostic
technologies [3, 4]. Despite significant advances in
understanding of VOC mechanisms [5, 6] and tech-
nologies for diagnosis via VOCs [7], applications
within the clinic are still limited [2, 3].

© 2025 The Author(s). Published by IOP Publishing Ltd

Neurodegenerative diseases, such as Parkinson’s,
are defined by a change in function of the neurolo-
gical system. There are many causes of neurodegen-
erative disease [8] but early intervention can improve
outcomes and therapeutic options for patients [8].
Because the neurological system is highly metabolic-
ally active [9], VOC:s, as gaseous metabolites, offer an
opportunity for non-invasive diagnosis.

A critical need to accelerate translation of this
tool to the clinic is identification of biomarkers,
linked to neurodegenerative conditions, which would
allow targeted methodologies to simplify analysis of
complex biological matrices, such as breath or blood.
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VOCs from cells in culture have been shown to
distinguish between tissue of origin and pathology
[10], cell status [11], or response to stress [12, 13].
Recent breath flux studies have demonstrated that
chloroform can be detected and measured in human
breath, providing potential translational applications
for biomarkers identified in model systems [14].
Cellular models of disease have been pivotal in med-
ical research and animal models are powerful tools for
modelling disease and key in translational medicine
[15-17]. Taken together, cellular and animal models
of disease are therefore useful tools through which
we may identify target biomarkers for human studies,
framing the purpose of this work.

In this study we investigated the release of chloro-
form (CHCI;) in relation to ageing cells and flies as a
result of a chance observation when profiling VOCs
from HEK?293t cells which were passaged (grown) for
an extended period of time. We hypothesised that
cells accumulate cellular products over time and pro-
ceeded to test if chloroform release in ageing cells
was observed in terminally-differentiated cell cultures
sourced from rat brain. Furthermore, we aimed to
establish if this could be observed in a model of
neurological dysfunction, such as Parkinson’s, using
Drosophila melanogaster. In Parkinson’s disease, and
a range of neurological conditions the clearing of cel-
lular metabolic waste products is inhibited [ 18] which
may be a source of biomarkers. Protein degylcase (DJ-
1/3) also known as PARK7 has been used as a model of
neurological dysfunction in Drosophila as it is altered
in Parkinson’s disease [19]. DJ-13 protects against
accumulation of reactive oxygen species (ROS), DJ-
18 mutant flies have increased levels of ROS [20],
and here we hypothesise that DJ-13 may present with
elevated levels of chloroform over time in comparison
to controls.

2. Methods

2.1. Cell culture and cellular isolation

HEK-293t were grown in Dulbecco’s Modified Eagle
Medium (DMEM, Thermo Scientific, Waltham,
MA, USA), 25 mM glucose, supplemented with
L-glutamine (4 mM) and 5% foetal bovine serum
(Thermo Scientific, Waltham, MA, USA). Cells were
passaged twice a week.

To initiate the volatile collection for HEK293t,
cells were trypsinised and ~500 000 cells were seeded
into 8 mL complete media. Cells were then allowed to
attach for 3 h, washed twice with warm PBS and an
8 mL treatment medium was applied. Volatile head-
space sampling was performed 24 h later as previously
described [10, 12].

2.2. Glial cell isolation and maintenance

Timed-mated female Wistar rats (Charles River UK)
(RRID:RGD_737929) were maintained in accordance
with the UK Animals (Scientific Procedures) Act

2
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(1986). Cortices were dissected from postnatal day
1 (P1) mixed sex rat pups. Animals were euthan-
ized using pentobarbital injection followed by cervical
dislocation, according to Home Office guidelines.
Cortical cell suspensions were obtained as previously
described [21] and cells were maintained in DMEM
supplemented with 10% foetal bovine serum [22].
Media was refreshed once per week and glial identity
was confirmed through monitoring the establishment
of an astrocyte monolayer and the absence of neurons.

2.3. Fly strains and husbandry

Wild-type and transgenic strains were reared
and maintained on standard yeast—agar—cornmeal
medium [23] and kept at 25 °C for 12 h light/dark
cycles. Wild-type, white-eyed flies (w~!¥) and
DJ-152% mutants [24] were maintained for the
indicated times prior to analysis, with the flies flipped
onto fresh food 1-2 times per week.

2.4. Static volatile headspace sampling

The custom static headspace sampling chambers used
in this study have been described in detail with
schematics and images in our previous publications
[10, 12]. Briefly, these chambers consist of transpar-
ent acrylic tanks (25 1 volume) with silicone gaskets
and butyl seals. Prior to sampling, all chambers were
thoroughly cleaned and tested for background chlo-
roform levels.

For cell culture samples, 8 ml fresh medium was
applied to cells in 10 cm petri dishes 24 h before
sampling. Upon sampling initiation, 5 ml medium
and petri dish lid was removed and dishes were placed
in static chambers. Both flies and cell cultures in head-
space chambers were placed on a rocker on the low-
est setting (5 rpm) with lab air flowing through the
chamber for 10 min at 750 ml per min. Chambers
were then sealed and time point 0 samples taken.

T1 samples were then taken 2 h later for cells in
culture and 4 h for flies. The 2 h sampling point for
flies was insufficient for observation of adequate sig-
nal, possibly due to passive respiration. All samples
were collected through pressure differential into pre-
evacuated, electropolished, stainless steel canisters
(500 ml volume, LabCommerce, San Jose, CA, United
States). All canisters underwent a standardized clean-
ing procedure involving repeated evacuation and
flushing with ultra-pure nitrogen prior to use, and
blank analyses were performed to ensure no carryover
between samples.

Media-only controls were analysed alongside all
cell samples to account for any background chloro-
form present in culture media. These control meas-
urements were subtracted from the cell sample meas-
urements to isolate the cellular contribution to chlo-
roform flux. Similarly, for fly experiments, empty
chamber measurements were subtracted from cham-
bers containing flies to determine fly-specific volat-
ile flux. This subtraction approach ensures that the
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reported flux values represent biological production
or consumption rather than background volatiles
from media or environmental sources.

2.5. Gas chromatography (GC)-mass spectroscopy
(MS), calibration and peak analysis

Collected canister samples were transferred to a
liquid nitrogen trap through pressure differential.
The liquid nitrogen trap consisted of a stainless steel
loop immersed in liquid nitrogen (—196 °C), cap-
able of condensing volatile compounds with boil-
ing points above approximately —190 °C. Pressure
change between beginning and end of ‘injection’ was
measured, allowing calculation of the moles of can-
ister collected air injected. Sample in the trap was
then transferred, via heated helium flow (250 °C for
3 min), to an Aglient/HP 5972 MSD system (Santa
Clara, CA, United States) equipped with a PoraBond
Q column (25 m x 0.32 mm x 0.5 ym film thickness;
Restek©, Bellefonte, PN, United States).

Targeted samples were analysed in selected ion
monitoring (SIM) mode with a dwell time of 50 ms
per mass. The mass spectrometer was operated in
electron impact ionisation mode with 70 eV ion-
isation energy, and transfer line, ion source, and
quadrupole temperatures of 250, 280, and 280 °C,
respectively. A known standard was used with masses
83/85 for identification of chloroform. The oven pro-
gramme for SIM analysis was as follows: 35 °C for
2min, 10 °Cmin~" t0 155°C,1°Cmin~" to 131 °C,
and 25 °C min~! to 250 °C with a 5 min 30 s hold.

Calibration was performed using standard gases
(BOC Specialty Gases) at known concentrations
for chloroform. Linear regression of calibration
curves confirmed strong, positive linear relationships
between observed compound peak areas and moles of
gas injected (12 > 0.9). The method limit of detection
for chloroform was 5 pptv, with a limit of quantific-
ation of 15 pptv, and method reproducibility of 5%—
8% RSD.

All samples were analysed within 6 d of col-
lection to prevent sample degradation. Flux values
(pg/hr/pg) were calculated by normalizing to pro-
tein content for cellular samples or to fly numbers
for Drosophila samples. All quantification was per-
formed with reference to CFC-11 as an internal stand-
ard (240 pptv) to correct for any analytical variations.

2.6. Calculation of VOC flux

Volatile organic compound flux was calculated as pre-
viously described [10, 12]. Briefly, the difference in
chloroform concentration between time points (T0
and T1) was determined for each sample. Media-only
controls were analysed in parallel and the average
flux values from media-only samples were subtracted
from the cell-containing samples to account for any
non-cellular contributions. For Drosophila experi-
ments, empty chamber measurements were subtrac-
ted from chambers containing flies.

T Issitt et al

Concentrations were calculated using calibra-
tion curves relating peak areas to moles of com-
pound. Sample VOC concentrations were normalized
to CFC-11 concentrations (240 pptv) as an internal
standard. To account for differences in cellular growth
rates, results from GC-MS analysis were normalized
to protein content determined by BCA assay for cellu-
lar samples, or to fly numbers for Drosophila samples.

Final flux values were expressed as pg/hr/ug pro-
tein for cellular samples and converted to comparable
units for fly samples. Positive flux values indicate net
production of chloroform, while negative values rep-
resent net consumption.

2.7. Western blotting
Thirty Drosophila heads were ground on dry ice and
resuspended in 75 pl RIPA buffer with PMSF (0.5%
v/v) and protease inhibitor (Sigma, P8340). Lysates
were incubated on ice for 30 min and debris removed
via centrifugation for 20 min at 13 000 RPM and 4 °C.
Protein concentration was normalised to 2 pg~! pl™!
using a Pierce BCA assay (Thermo ScientificTM,
23225). 2X SDS Loading buffer (30% v/v glycerol,
4% w/v SDS, 160 mM Tris-HCI pH 6.8, 0.1% w/v
Bromophenol Blue, 10 mM DTT) was added and
samples were heated to 80 °C for 10 min. 15 ug of
protein was loaded into pre-cast gels (NuPAGE, 4%—
12% Bis-Tris Gels, Thermo) and samples were run
in MOPS buffer (20X Bolt, Invitrogen) at 150 V for
80 min.

Wet transfer to PVDF membranes (Immobilon-
P, Merck Millipore) was performed in a transfer buf-
fer (25 mM Tris, 192 mM Glycine, 20% Methanol,
0.005% w/v SDS) at 30 V and 4 °C overnight. Blots
were blocked in 5% w/v skimmed milk powder in
TBS-T (TBS with 0.1% Tween-20) for 2 h, followed
by overnight incubation in primary antibodies. Blots
were incubated at room temperature for 2 h with sec-
ondary HRP-conjugated antibodies. The concentra-
tions and details of the primary and secondary anti-
bodies used are shown in table S1. Methods for the
generation of DJ-10 antibodies are detailed in supple-
mentary material. Chemiluminescent HRP substrate
(Immobilon, Merck Millipore) was added and chemi-
luminescence was detected using an iBright (Thermo
ScientificTM).

2.8. Statistics

Statistical analysis and figure arrangement was per-
formed in Graphpad Prism (v10). Student’s t-test was
performed for figures 1(A) and (B), one way ANOVA
with Bonferroni post hoc analysis was performed for
figure 1(D).

3. Results
HEK-293 t cells passaged over 20 times (10—15 weeks

in culture) produced chloroform at significantly
higher levels than cells below this age (figure 1(A),
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Figure 1. Chloroform (CHCI3) flux in aging HEK293t cells, rat glial cells and wild-type (WT) or DJ-1 mutant Drosophila
melanogaster flies. (A) CHCI3 flux (pg CHCI3/hour/pug total protein), with media subtracted for human HEK-293 t cells below
(<10, n = 4) or above (>10, n = 5) 10 weeks of growth (passages on average twice a week). (B) CHCI3 flux (pg CHCI3/hour/ug
total protein), media subtracted for primary rat glial cells for days post isolation(20-30, n = 7; 31-40, n = 8). (C) CHCI3 flux (pg
CHCIl3/hour) for glial cells days post isolation. (D) CHCI3 flux (pg CHCI3/hour/per fly) of WT or DJ-1/3 mutant flies at 1, 2, 3
(n=4) and 4 (n = 5) weeks of age. (E) Western blot of fly head lysates probed for DJ-13 and /3-actin in wild type (w118) or
DJ-18A93 mutants. Students ¢-test performed for A and B, two-way ANOVA with Bonferroni post-hoc analysis performed for D;

0.05 4 0.046 pg hr=! pg=! for <10 weeks and
49.5 +23.5 pg hr! ug=! for >10 weeks in culture).

Rat glial cell cultures were confirmed following
isolation at day 20. Glial cells released chloroform
with cells over 30 d in culture releasing significantly
more chloroform than those between 20 and 30 d
(figure 1(B), 0.95 % 0.64 pg hr~! ug~! for 20-30 d
and 9.47 + 5.49 pg hr~! ug™! for 30-40 d). Release
of chloroform in glial cells occurred at 33 d with
slight increases occurring in cells between 30 and 32 d
(figure 1(C)).

Over 4 weeks, control flies showed no signi-
ficant alterations in chloroform flux whereas the
DJ-18 mutants revealed significant production of
chloroform at week 4 compared to wild type flies
(figure 1(D), —118.22 4 349.12 pg hr=! pug™!

vs 278.72 4+ 237.39 pg hr! ug~!). Knockdown
of DJ-16 was confirmed by western blot
(figure 1(E)).

4, Discussion

We present here the first example of chloroform
release from human cells, rat glial cells and the
first documented example of volatile metabol-
isms from Drosophila melanogaster. We have pre-
viously investigated chloroform flux in HEK-293t
and other cells in cultures, as well as the response
of these cells to hypoxia and chemotherapeutic
stress [10, 12]. Modulation of chloroform meta-
bolism was not observed from between cell lines
or under conditions of stress/starvation as well as
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no active metabolism observed in the breath of
mice [10].

The strikingly large amount of chloroform
released by both HEK-293t and glial cells as they
age (10-50 times greater flux) could be a result
of accumulating chloride-containing compounds,
potentially as cell waste, however this requires further
investigation.

We observed release of chloroform from DJ-103
mutant flies, compared with control flies at 4 weeks.
There was considerable loss of viability in DJ-1/ flies
into week 5 and we were unable to measure past
4 weeks (over 28 d) which would have allowed clearer
comparison with glial cells. We did not identify this as
a confounding factor as all flies showed normal beha-
viour upon measurement.

Few sources observe metabolic production of
chloroform but it has been observed in fungi [25]
and is persistent in the environment and drinking
water [26], however this is likely driven by human
pollution [27, 28]. All water and culture media used
in this study were tested for background chloroform
levels, which were found to be minimal and stable,
confirming that the observed increases were due
to biological production rather than environmental
contamination. Cellular accumulation of chloride or
chloride-containing compounds in culture could be
a source of chloroform. In culture, glial cells, which
are highly metabolically active, accumulate metabolic
waste which would normally be cleared by macro-
phages and immune cells [26]. Furthermore, poor
waste management is a hallmark of neurodegenerat-
ive conditions [26].

Carbon tetrachloride (CCly) has been demon-
strated to be a source of chloroform through cyto-
chrome P450-dependent metabolism of CCly in hep-
atic microsomes [29], degradation in mouse liver
[30] and aerobic transformation by poplar cells [31].
Although CCls was not detected in our samples and
would not have been seen using our SIM mode tar-
geting chloroform, based on existing literature, accu-
mulation of CCly over time in our models could
explain the observation of increased chloroform flux
as neurons and glial cells are able to metabolise CCly
[32]. However, presence of CCl ~ 4~ in our mod-
els requires further investigation and other chloride-
containing molecules could be sources. Alternatively,
there may be some other, as yet, undetermined
source.

In conclusion, we have demonstrated the posit-
ive release of chloroform in ageing cells and DJ-1[3
mutant flies. Recent studies have also shown increased
chloroform flux in the breath of patients [14], sug-
gesting potential clinical relevance of our findings.
Chloroform therefore presents as a potential bio-
marker to target in diseases associated with ageing,
such as Parkinson’s disease.
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