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Abstract: In this study, the effects of occupational exposure to nanoparticles (NPs) were studied by
NMR metabolomics. Exhaled breath condensate (EBC) and blood plasma samples were obtained
from a research nanoparticles-processing unit at a national research university. The samples were
taken from three groups of subjects: samples from workers exposed to nanoparticles collected
before and after shift, and from controls not exposed to NPs. Altogether, 60 1H NMR spectra
of exhaled breath condensate (EBC) samples and 60 1H NMR spectra of blood plasma samples
were analysed, 20 in each group. The metabolites identified together with binning data were
subjected to multivariate statistical analysis, which provided clear discrimination of the groups
studied. Statistically significant metabolites responsible for group separation served as a foundation
for analysis of impaired metabolic pathways. It was found that the acute effect of NPs exposure
is mainly reflected in the pathways related to the production of antioxidants and other protective
species, while the chronic effect is manifested mainly in the alteration of glutamine and glutamate
metabolism, and the purine metabolism pathway.

Keywords: NMR metabolomics; human plasma; exhaled breath condensate; nanoparticles exposure

1. Introduction

Nanoscience and nanotechnology have been developing rapidly in recent years, es-
pecially in new materials for electronics and optoelectronics fields, for energy technology,
and in technology fields related to medical products, particularly for diagnostics and
drugs delivery systems. The increased use of nanoparticles has raised concerns in many
areas including the environment, human public health, consumer safety, and occupational
safety and health [1,2]. Nanoparticles (NPs) are defined as particles with one or more
dimensions at the nanoscale, less than 100 nm. The physiological response to NPs and the
potential adverse effect on human health requires further research since contact with NPs
is becoming a common part of everyday life. In recent years, numerous toxicity studies
have assessed the hazard of NPs exposure [2–14]. In general, several health issues were
associated with NPs including allergy, injury of epithelial tissue, inflammation, and ox-
idative stress response [1–3,6,10,11,15,16]. The mechanisms of NPs’ biological interaction
may vary according to the chemical composition, size, shape, bulk chemical composition,
solubility, dose, etc. Moreover, NPs may show an increased toxicity when compared
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to larger particles of the same chemical composition that are little or even non-toxic by
themselves [2,10,16,17].

For humans, inhalation is probably the most common way of NPs access followed
by oral and dermal routes of exposure. Inhaled NPs can be deposited throughout the
human respiratory system including pharyngeal, nasal, transbronchial and alveolar regions,
depending on the particle size. The fractional deposition efficiency of particles below
100 nm is in the range of 30–70% in pulmonary regions, and the alveolar deposition
increases as the size of NPs decreases [2,16–18]. After deposition in the respiratory tract,
NPs may penetrate through membranes and thus enter the blood, pulmonary interstitium,
brain, liver, heart, spleen and possibly to the foetus in pregnant females. Since NPs can have
the same dimensions as some biomolecules, such as proteins and nucleic acids, adsorption
and subsequent disruption of their structure are also possible [2,3,10,11,19].

The existing toxicological methodology for NPs still requires further adjustment to
properly assess the risks, including the transport and distribution of NPs in the human
body and the mechanism of interaction at the subcellular and molecular level, and to
extrapolate the results from in vitro and animal models experiments, which may explain
the human health deterioration. Another challenge of this field is to find a fast, specific and
sensitive way to evaluate occupational risk. So far, the number of human studies is very
limited. As the main exposure to NPs takes place via inhalation and the respiratory system
is the primary afflicted organ system, collection and analysis of exhaled breath condensate
(EBC) is the most frequently used non-invasive technique for assessment of a subject’s
condition. EBC contains, besides water, a small proportion of inorganic ions, small organic
molecules, proteins and other macromolecules. Analysis of EBC enables the determination
of important biomarkers as a response to current physiological conditions [20].

Recently, two toxicological studies were performed on a cohort of 20 workers exposed
to NPs during their occupation [12,13]. A detailed analysis of lung function parameters
obtained by spirometry revealed a significant decline of forced expiratory volume (FEV1)
and its ratio to forced vital capacity (FVC) when compared to the pre-shift values or to the
control group. These data were accompanied by LC-MS analysis of inflammation markers
in EBC. The levels of pro-inflammatory markers LTB4, LTD4, LTE4, IL 9 and TNF were
found to be increased in the worker group relative to controls. On the other hand, the levels
of anti-inflammatory LXB4 and IL 10 were lower in the worker group than in controls.
Moreover, the levels of the TNF (tumour necrosis factor) found in the pre-shift samples were
positively correlated with the duration of employment in the NPs processing workshop [13].
LC-MS analysis was also targeted at markers of oxidative stress. The oxidation of lipids
was evaluated from the levels of malondialdehyde (MDA), 4-hydroxy-trans-hexenal (HHE),
4-hydroxy-trans-nonenal (HNE), C6–C13 aldehydes, and 8-isoprostane; oxidative damage
of nucleic acids from levels of 8-hydroxyguanosine (8-OHG), 8-hydroxy-2-deoxyguanosine
(8-OHdG), and 5-hydroxymethyl uracil (5-OHMeU); oxidation of proteins from levels of
o-tyrosine (o-Tyr), 3-chlorotyrosine (3-ClTyr), and 3-nitrotyrosine (3-NOTyr). A statistically
significant increase was observed for all markers of lipid oxidation in post-shift samples
relative to pre-shift ones, while the markers of oxidation of nucleic acids and proteins were
found already significantly elevated in the pre-shift EBC samples, and no further increase
was observed in the post-shift samples [12]. Both studies suggested lung impairment at
the molecular level induced by oxidative stress associated with NPs exposure. However,
the adverse effects were attributed rather to NPs in general than to specific chemical
composition of NPs.

In this study, the EBC and blood plasma samples of the same cohort were analysed
by 1H NMR spectroscopy and processed by means of multivariate statistical analysis. It
has already been shown that such NMR-based metabolomics can be advantageously used
in NPs toxicology studies [1,11,21–28] reflecting the molecular changes induced by NPs
inhalation. The samples studied here were examined as pre-shift and post-shift and were
compared to controls. The main goal of this study was to assess the acute and chronic effect
of NPs occupational exposure.
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2. Materials and Methods
2.1. Workplace and Process Description

Subjects of the study were recruited at a research and development unit at a national
research university, where a new thermoplastic or reactoplastic composite material was
being developed. In the workplace, three different operations are performed, specifically,
welding on metal surfaces, smelting of mixtures containing nanoadditives, and machining
of the finished nanocomposite. A chemical analysis of aerosol generated in the working
environment showed Fe, Mn and Si as the most abundant elements [12]. Aerosol mass
concentration ranged from 0.12 to 1.84 mg/m3 during nanocomposite machining processes.
Median particle number concentration ranged from 4.8 to 105 × 106 particles/m3 with the
particle size ranging from 25 to 860 nm [12].

2.2. Subject Recruitment and Sample Collection

The samples were collected from 20 nanocomposite workers (15 men, 5 women; age
29–63, average 42 years; 1 smoker, 19 non-smokers) and from 20 control subjects living
in the same district but working only in an office without any contact with NPs (13 men,
7 women; age 20–66, average 43 years; 2 smokers, 18 non-smokers).

The EBC and blood plasma samples from nanocomposite workers were collected
twice during the workday, pre-shift (i.e., before 2.5 h exposure to NPs) and post-shift (i.e.,
after NPs exposure). The examinations are referred to as pre-shift and post-shift. Beside
the NP exposed workplace, the rest of the 8-hour shift was spent in the office. The controls
were examined only once during the same time frame as the workers.

The pre-shift samples were used to study the subacute/chronic effect on the subjects
of exposures in previous days. Comparison of the pre-shift and post-shift samples was
intended to evaluate the acute effect of exposure during the shift.

All subjects were asked questions from a standardized questionnaire which summa-
rized information on personal and occupational history, medical treatments, dietary habits,
smoking habits, and alcohol intake (Table S1, Supplementary Materials). Participants un-
derwent a physical examination, followed by the collection of biological samples—exhaled
breath condensate and blood plasma.

This study has been approved by the Ethics Committee of the 1st Medical Faculty,
Charles University. All procedures were performed following the Helsinki Declaration and
the Collection Law of the Czech Republic. All participants signed an informed consent.

2.3. EBC Collection

EBC samples were collected using an Ecoscreen Turbo DECCS device (Jaeger, Hochberg,
Germany) equipped with a filter. All subjects breathed tidally for 15 min through a mouth-
piece connected to the condenser (−20 ◦C) while wearing a nose-clip. A minimum volume
of exhaled air of 120 L was monitored via the EcoVent device (Jaeger, Wurzburg, Germany).
The sample collection took approximately 15 min. All samples were immediately frozen
and stored at −80 ◦C.

2.4. Blood Plasma Collection

Venous blood (9 mL) from the subjects studied was collected using sterile blood
collection tubes with heparin as an anticoagulant. The plasma fractions were obtained by
centrifugation at 15,000×g for 10 min and immediately frozen and stored at −80 ◦C.

For more details on the subjects’ cohort, working environment, analysis of NPs com-
position and properties, see previous publications [12,13]. A follow-up of the researchers
in 2017 and 2018 confirmed the results from 2016 [29].

2.5. Sample Preparation

Samples were thawed at room temperature. For preparation of EBC and blood plasma
samples for 1H NMR analysis, the following operation procedures were determined.
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2.6. EBC Sample Preparation

An aliquot of 500 µL of EBC was mixed with 100 µL phosphate buffer (0.1 mol/L1,
pH = 7.4, 0.1 mol/L1 sodium salt of trimethylsilyl-2,2,3,3-d4-propionic acid (TSP),
38 mmol/L1 NaN3). Thus, sufficient sample volume for NMR analysis was obtained
and pH was adjusted to 7.7.

2.7. Blood Plasma Sample Preparation

Aliquots of 350 µL of blood plasma were centrifuged through an Amicon 3-kDa cut-off
filter (Merck, Germany) for 30 min at 14,000 rpm to isolate low-molecular metabolites.
Subsequently, the filtrate was mixed with 350 µL phosphate buffer in D2O (0.1 mol/L1,
pH = 7.4, 0.1 mol/L1 sodium salt of trimethylsilyl-2,2,3,3-d4-propionic acid (TSP),
38 mmol/L1 NaN3). Thus, sufficient sample volume for NMR analysis was obtained
and pH was adjusted to 7.4.

2.8. Acquisition

One dimensional proton NMR spectra for all EBC and plasma samples were acquired
using a Varian INOVA 500 MHz spectrometer (Varian Instruments Inc., Palo Alto, CA,
USA) operating at 499.87 MHz, equipped with Ultra Shim System II. A 5 mm probe with
inner 1H coil was used to maximize the sensitivity. Prior to the analysis, samples were
kept for at least 10 min inside the NMR probe for temperature equilibration (298.15 K).
The 1H NMR spectra of EBC and plasma samples were obtained using wet1D and tnnoesy
pulse sequence, respectively. Spectral width covered 8 kHz using 2.7 s acquisition time. A
relaxation delay of 4 s and 2 s was used for EBC and plasma samples, respectively. The final
spectrum resulted from an accumulation of 1000 scans. Representative 1H NMR spectra
can be found in Figures S1 and S2 in the Supplementary Materials.

2.9. Data Processing

The Fourier-transform spectra were manually corrected for phase and baseline distor-
tions using Chenomx NMR Suite 8.0 (NMR Suite program, Edmonton, Alberta, Canada [30]).
The experimental spectrum was referenced to TSP. The solvent signal residuum was sub-
tracted, TSP signal linewidth was determined, and pH was set.

Compound profiling was performed in the Chenomx Profiler by precise fitting of the
compounds from the Chenomx library to the experimental spectrum. In EBC samples,
15 metabolites were identified, while 58 metabolites were identified in blood plasma sam-
ples. Since only 15 metabolites were quantified in the EBC, binning was used for EBC
spectra to obtain more variables per sample. The binning was applied to each spectrum in
the range 0.7–8.6 ppm, except for the region containing residual water signal (4.1–5.6 ppm).
Standard bin size of 0.02 ppm was used, yielding 320 bins.

The concentration data from plasma samples were normalized to the total concen-
tration sum to reduce the effects of sample dilution prior to statistical analysis. Total
area normalization works well in biofluids, in which overall concentrations of metabolites
are almost constant among the samples, such as blood plasma or urine [31]. However,
normalization to the total area is not recommended in the case of EBC samples because of
large differences in dilution [32]. Hence, PQN normalization was used for the EBC samples
as a more robust type of normalization [33].

2.10. Statistical Analyses

All data analyses were performed using the open-source software R [34] and Metabo-
analyst 5.0 [35]. Multivariate data analyses were conducted on processed concentration
data and binned data separately. As a first step of statistical analysis, principal component
analysis (PCA) was used to provide preliminary insight on the data complexity, trends
of grouping or identifying outliers. Subsequently, orthogonal partial least squares dis-
criminant analysis (OPLS-DA) was used for sample classification. Multilevel partial least
squares analysis (mPLS) was used in the case of comparison of the pre-shift and post-shift
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samples [36]. All reported values of accuracy, sensitivity, and specificity were assessed by
means of 100 cycles of a Monte Carlo cross-validation scheme where 90% of the samples
were randomly selected at each iteration as a training set to build the model; the remaining
10% were subsequently tested on performance characteristics for the classification.

In order to identify the most influential and statistically significant compounds, the
Wilcoxon rank-sum test and its paired version, the Wilcoxon signed-rank test, were used.
Obtained p-values were adjusted for multiple comparisons using the Benjamini and
Hochberg correction [37]. The threshold of adjusted p-values was set to <0.05 for sta-
tistical significance. Fold change was performed following the general formula defined as
a logarithm of base 2 of a division of a median concentration of an individual compound
in one group by a median concentration of an individual compound in the other group.
The result is projected in logarithm to base 2 scale.

Altered metabolic pathways were detected using Metaboanalyst 5.0 using the metabo-
lite ID taken from the Human Metabolome Database. Metabolic pathway analysis was
performed on blood plasma metabolic profiles to reveal the biological impact of NPs inhala-
tion. A plot of affected pathways contained 43 nodes, each representing one pathway, with
colour and size coding corresponding to pathway significance and its impact, respectively.
The significance was generated from betweenness centrality and out-degree centrality
measurements. The pathway impact was generated by the summation of importance
measures of matched metabolites to all metabolites present within the pathway.

3. Results and Discussion

In this study, 1H NMR spectra of 60 exhaled breath condensate (EBC) samples
and 60 blood plasma samples were analysed. The samples originate from a research
nanoparticles-processing unit at a national research university. The samples were taken
from three groups of subjects: (i) samples from workers exposed to nanoparticles (NPs)
collected before shift (pre-shift, 20 EBC and 20 blood plasma) and (ii) after shift (post-shift,
20 EBC and 20 blood plasma), and (iii) a control group of subjects not exposed to NPs
(controls, 20 EBC and 20 blood plasma). The pre-shift and post-shift samples were col-
lected from the same individuals. Individual groups are defined in Materials and Methods.
A comparative study of the pre-shift and control samples was applied to reveal a suba-
cute/chronic effect of NPs exposure, while the comparison of the pre-shift and post-shift
samples should reflect the acute effect on the workers’ health.

3.1. Exhaled Breath Condensate

Since exhaled breath condensate is composed of 99.9% water, the other constituents are
rather diluted. For this reason, quantitative analysis of 1H NMR spectra using the Chenomx
reference library provided only 15 metabolites. Due to the limited number of metabolites
quantified, a meaningful multivariate statistical analysis cannot be performed on such
a dataset. However, univariate statistical analysis identified some of the metabolites as
statistically significant for discrimination of the groups studied. A Wilcoxon rank-sum test
showed that pre-shift and post-shift EBC samples are mainly characterized by significantly
elevated levels of acetoin and propionate, and decreased acetone, isopropanol and lactate
levels when compared to control samples (Table S2, Supplementary Materials). On the
other hand, an increase in dimethylamine and decrease in acetoin are the most significant
changes induced by NPs exposure as observed in comparison of pre-shift and post-shift
EBC samples (Figure 1).

Final group discrimination analysis was performed using binning data. Fingerprinting
of individual 1H NMR spectra provided 320 bins which subsequently served as an input
into multivariate statistical analysis. Principal component analysis (PCA) of all binned
spectra did not show any significantly outlying sample. It also indicated certain trends
in group separation; however, a clear discrimination was not achieved (Figure S3, Sup-
plementary Materials). Satisfactory group separation was achieved by orthogonal partial
least squares discriminant analysis (OPLS-DA), which was applied to the pre-shift and
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control group to reveal the chronic effect of NPs exposure and to the pre-shift/post-shift
and post-shift/control group to uncover the acute effect.
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An excellent separation between the pre-shift and control group was achieved using
three components. The model was characterized by 81.4% sensitivity, 94.8% specificity and
88.1% accuracy after Monte Carlo cross-validation (Figure 2a). Similarly, the separation of
post-shift and the control group was achieved using a seven-component model yielding
88.7% accuracy, 93.9% sensitivity and 83.5% specificity after Monte Carlo cross-validation
(Figure 2b).
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The bins contributing significantly to the group separation were identified from OPLS-
DA loadings provided by Metaboanalyst. These bins show increased EBC concentration
of acetoin, acetate and propionate in the pre-shift and post-shift samples when compared
to the controls. Mainly increased signal intensities of alcohols were found in controls.
These findings correspond well with the statistically significant compounds identified by
univariate statistics as discussed above (Figure 1).

The comparison of the pre-shift and post-shift groups should reveal the acute effect of
NPs exposure. The performed OPLS-DA provided a very good discrimination of the two
groups using six components with accuracy of 83.1%, sensitivity of 84.1% and specificity of
82.1% after Monte Carlo cross-validation (Figure 3a). As both groups consist of the same
20 subjects whose samples were collected before and after the shift, a pairwise multilevel
partial least squares (mPLS) analysis can be applied [36]. Compared to other PLS analyses,
mPLS does not focus on investigation of the studied groups as a whole, but rather observes
changes in each individual before and after the stimulus of the change and reflects the
changes occurring within the same subject. The mPLS analysis showed a satisfactory
discrimination of the two groups using three components with 82.0% accuracy after Monte
Carlo cross-validation (Figure 3b). Although the OPLS and the mPLS models show similar
accuracy, the mPLS model requires fewer components.
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The bins responsible for the group separation correspond to acetoin, which was found
increased in the pre-shift group, and to lactate, formate and unsaturated chains of higher
carboxylic acids increased in the post-shift group. This is in agreement with the statistically
significant compounds identified by univariate statistics (Figure 1).

Acetoin is a commonly identified metabolite in EBC [38–40] as a product of the
detoxification process of acetaldehyde [41].

Since dimethylamine was found increased only in the post-shift group, it is probable
that it may be associated with the acute effect of NPs exposure.

The increased levels of short-chain fatty acids such as acetate, propionate and bu-
tyrate in NPs exposed groups in comparison to the control group could be attributed to
involvement in the regulation of several leukocyte functions such as eicosanoids and cy-
tokines/chemokines production [38]. Propionate is associated with lipid metabolism [39],
which was also found affected by chronic exposure to NPs [12]. Boxplots of selected
metabolites affected by NPs exposure are depicted in Figure 4.
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3.2. Analysis of Blood Plasma

Using the Chenomx reference library, 58 metabolites were identified and quantified in
each 1H NMR spectrum of blood plasma samples. The concentration data of all quantified
metabolites were used as an input for both multivariate and univariate statistical analyses
to reveal important features of each group. The homogeneity of the groups was tested by
principal component analysis (PCA) as an unsupervised statistical method. According to
PCA, no sample was found significantly outlying. Nevertheless, group discrimination was
not achieved (Figure S4, Supplementary Materials).

Subsequently, a supervised statistical method (OPLS-DA) was employed to pre-shift
and control samples. A very good separation between these two groups was achieved using
three components. The model was characterized by 88.2% sensitivity, 73.2% specificity and
80.7% accuracy after Monte Carlo cross-validation (Figure 5a).
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The nonparametric Wilcoxon rank-sum test was used to reveal statistically significant
compounds that should reflect the effect of chronic exposure to NPs. Only acetone was
found under the threshold for statistical significance (adjusted p-value ≤ 0.05). Four other
metabolites were close to this threshold, specifically glutamate, glutamine, cystine and
hypoxanthine (Table S3 and Figure S5 in Supplementary Materials). Levels of acetone,
glutamine and cystine were found increased in the control group, whereas glutamate and
hypoxanthine show higher levels in the pre-shift group.

OPLS-DA was also used for differentiation between the post-shift subjects and the
healthy controls. A very good separation of the two groups was obtained using a six-
component model with an accuracy of 86.0%, sensitivity of 86.4% and specificity of 85.7%
after Monte Carlo cross-validation (Figure 5b). The nonparametric Wilcoxon rank-sum
test was used to reveal statistically significant compounds (Table S3 and Figure S6 in
Supplementary Materials). Seven metabolites were found under the threshold for statistical
significance (adjusted p-value ≤ 0.05). Levels of propylene glycol, glutamate and pyruvate
were found increased in the post-shift group, whereas acetone, mannose, 2-oxoisocaproate
and O-acetylcarnitine showed higher levels in the control group.

Analogically, the acute effect of NPs exposure was also studied on plasma samples of
the pre- and post-shift groups using OPLS-DA (Figure 6a). This discrimination analysis
showed a certain potential to distinguish between the two groups with a model based on
eight components characterized by 75.4% accuracy, 74.0% sensitivity and 76.9% specificity.
Subsequently, mPLS was performed with a remarkable discrimination of the two groups
using five components with 89.0% accuracy after Monte Carlo cross-validation (Figure 6b).
In this case, mPLS reflects the intra-individual differences within each subject; therefore, it
provides better group separation than discrimination analysis based on OPLS.

Subsequent analysis by the nonparametric pairwise Wilcoxon signed-rank test re-
vealed 11 statistically significant compounds (Table S3 and Figure S7 in Supplementary
Materials). Only compounds with adjusted p-value ≤ 0.05 after Benjamini-Hochberg
correction were deemed statistically significant. Out of the 11 statistically significant com-
pounds, increased levels for eight metabolites were found in the pre-shift group, specifically
isobutyrate, 2-hydroxybutyrate, 2-oxoisocaproate, lactate, 3-hydroxybutyrate, isopropanol,
tryptophan and 3-methyl-2-oxovalerate. Levels of three statistically significant metabolites
were elevated in post-shift groups, namely propylene glycol, glycolate and myo-inositol.

The stress induced by NPs exposure is well documented by increased levels of certain
metabolites in post-shift samples when compared to the pre-shift samples or controls.
In particular, increased levels were found for propylene glycol, glycolate, myo-inositol,
pyruvate and glutamate (Figure 7). Propylene glycol is known to be predominantly
of exogenous origin as a part of various vitamins and other dietary supplements. The
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increased concentrations of propylene glycol in the post-shift group corresponds to the
increased consumption of such supportive products in the morning before the shift.
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On the other hand, the NPs exposure also induced a depletion of other metabolites in
post-shift samples; namely of 3-methyl-2-oxovalerate, 2-oxoisocaproate, 2-hydroxybutyrate,
3-hydroxybutyrate, isobutyrate, isopropanol, mannose, O-acetylcarnitine and tryptophan
(Figure 8). All the changes found in the post-shift group can be attributed to the acute effect
of the NPs on workers’ health.

The long-term effect of the NPs on workers’ health can be deduced from the simulta-
neous changes in the pre- and post-shift group when compared to the control group. The
levels of acetone, glutamine and cystine were found to decrease, while the levels of lactate
and hypoxanthine increased in both groups when compared to the controls (Figure 9). The
changes in levels of lactate and hypoxanthine were found to be more pronounced in the
pre-shift group, which indicates involvement of these compounds in several metabolic
pathways and mixing of acute and chronic effects.
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Metabolic pathway analysis was performed in MetaboAnalyst to assess involvement
of the statistically significant metabolites in the individual metabolic pathways. The
alterations between individual groups found by the pathway analysis are depicted in
Figure S8 (Supplementary Materials) and the most affected pathways are summarized in
Table S4 (Supplementary Materials).

The increased levels of lactate found in the pre-shift group can be partially associated
with the metabolism of propylene glycol, which is contained in the food supplements
administrated before the shift, as mentioned above. On the other hand, lactate is also
involved in several other metabolic pathways, including pyruvate metabolism, according
to pathway analysis (Figure S6 in Supplementary Materials) or glucose-alanine metabolism,
according to the literature [42]. These pathways play an important role as energy pathways
where lactate is usually produced from pyruvate. The highest concentrations of pyruvate
were found in the post-shift group, indicating that the energy pathways were affected
and the transformation between lactate and pyruvate is impacted by the NPs exposure.
Increased levels of lactate have been observed in several studies on the impact of NPs
exposure to rats [21,43,44]. Additionally, decreased levels of mannose, which can serve as
an additional energy source, were observed in the post-shift group [45].

Elevated levels of lactate can lead to metabolic acidosis, similarly to increased levels
of glycolate, which were found in the post-shift group. The formation of acid metabolites
can induce inhibition of other metabolic pathways [46]. Glycolate is mainly involved in
glyoxylate metabolism where it is oxidized to glyoxylate, which is further transformed
into glycine [47]. Glyoxylate can be also transformed into oxalate, which is then caught
and secreted by the renal tubules. Excessive concentrations of oxalate cause urolithiasis
and nephrocalcinosis [48]. The excessive oxidation of glyoxylate to oxalate by lactate
dehydrogenase is prevented by reduction of cytosolic and mitochondrial glyoxylate to
glycolate by cytosolic glyoxylate reductase [48].

The post-shift group also manifested increased concentrations of myo-inositol. This
metabolite has an important osmoregulatory role and is involved in the running of a wide
range of cell functions, including cell growth and survival [49,50], which could explain why
myo-inositol is increased in the acute state. Several studies have reported alterations in the
myo-inositol levels after exposure to NPs in rats [43] or mouse fibroblast cells L929 [51].

The decreased tryptophan concentration in the post-shift group could be explained
by its transformation to kynurenic acid via the kynurenine pathway (pathway tryptophan
metabolism in Figure S8c in Supplementary Materials). Kynurenic acid has a protective
effect against oxidative stress and lung inflammation induced by exposure to NPs [52].
Furthermore, the kynurenine pathway was previously associated with the elevated levels
of cytokines [53], which is consistent with the results of our previous study [12,13]. A
decreased concentration of tryptophan was also observed in rat blood serum after exposure
to TiO2 NPs [52], which is in agreement with the findings in workers exposed to nanoTiO2,
and similar oxidative stress effects [54,55].

The levels of several metabolites associated with the synthesis of glutathione were
found altered, namely cystine, glutamate and 2-hydroxybutyrate. Glutathione as a major
antioxidant is synthesized from cysteine, glutamate and glycine. Cysteine is transformed
to glutathione in response to oxidative stress. This is reflected in decreased levels of
cystine, an oxidized dimer form of cysteine. The availability of cysteine was reported as the
rate-limiting step in the glutathione synthesis where cysteine is supplied via the cystine-
glutamate antiporter system [49,56]. Elevated levels of glutamate in the pre- and post-shift
group indicate that glutamate is exchanged for cystine in the antiporter system [49]. The
elevated levels of glutamate also affect several other metabolic pathways, such as glutamine
and glutamate metabolism, alanine, aspartate and glutamate metabolism, arginine and
proline metabolism, histidine metabolism and butanoate metabolism, as is shown in the
metabolic pathway analysis via MetaboAnalyst (Figure S8a,b in Supplementary Materials).
Alterations in glutamate levels have also been observed in several studies focusing on NPs’
impact on rats [26,43,51].
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The utilization of glutamate in glutathione biosynthesis leads to higher demands on
glutamate and increases glutamine transformation into glutamate via the glutamine and
glutamate metabolism pathway. This is documented by decreased levels of glutamine in
both pre- and post-shift groups compared to the control group. Together with glutamate,
glutamine is also involved in the pathway of alanine, aspartate and glutamate metabolism,
which was also found altered according to metabolic pathway analysis (Figure S8a,b in
Supplementary Materials). Glutamine and glutamate were also found affected in the study
of Kitchin et al. [57], in which the effect of TiO2 and CeO2 nanomaterials on human liver
HepG2 cells was examined. A significant decrease in glutamine was observed, similar
to observations from our study. Nevertheless, a decrease in glutamate was observed, on
the contrary to our study, indicating that glutamate was involved at least partially in a
different way.

2-Hydroxybutyrate is a reduction product of 2-ketobutyrate, which is produced dur-
ing the transformation of cystathionine to cysteine within the methionine degradation
pathway [58]. Since the concentration of 2-hydroxybutyrate is decreased in the acute
state, 2-ketobutyrate is probably transformed into other metabolites, including propionyl-
CoA [59], which is also associated with degradation of branched-chain amino acids, as
discussed below.

The concentrations of two ketone bodies metabolites, 3-hydroxybutyrate and ace-
tone, were found altered. Both compounds are closely connected to acetoacetate, an-
other ketone body, which was, however, found unaltered. Nevertheless, decreased con-
centrations of 3-hydroxybutyrate and acetone after exposure to NPs suggest that the
metabolic pathway of ketone body metabolism is affected. This was also revealed in the
metabolic pathway analysis via MetaboAnalyst (Figure S8b in Supplementary Materials).
3-Hydroxybutyrate is also involved in butanoate metabolism, and it is also a degradation
product of branched-chain amino acids, mainly of leucine [60]. The decreased concen-
trations of 3-hydroxybutyrate and acetone after NPs exposure are in contrast with other
studies, which reported elevated levels of 3-hydroxybutyrate [21,23,61]. However, these
studies were performed on rats exposed to high NPs doses. 3-Hydroxybutyrate is also an
end product of β-oxidation of fatty acids [21]. The impairment of this metabolic pathway
is also reflected in a decreased concentration of O-acetylcarnitine. This molecule serves as a
carrier of acetyl from acetyl-CoA derived from fatty acids to mitochondria [62], thus taking
part in energy metabolism. Moreover, decreased levels of O-acetylcarnitine can also be as-
sociated with oxidative stress. Similarly to this study, decreased levels of O-acetylcarnitine
were also observed in zebrafish and mice embryos after Fe2O3 NPs exposure [62]. Accord-
ingly, workers exposed to NPs during iron oxide pigment production showed elevated
markers of lipid, nucleic acid, and protein oxidation in their EBC [63].

Decreased levels of 3-methyl-2-oxovalerate and 2-oxoisocaproate (4-methyl-2-oxoval
erate) were found in the post-shift group. These compounds are produced as direct
metabolites of isoleucine and leucine during their degradation by branched-chain amino
acid aminotransferase [64]. Since the concentrations of leucine and isoleucine were found
almost unaffected, leucine and isoleucine are involved in other pathways or processes,
and the direct degradation pathway of these amino acids is inhibited. Isobutyrate is
another metabolite associated with the metabolism of branched-chain amino acids, mainly
of valine [65]. The decreased concentration of isobutyrate in the post-shift group also
indicates that branched-chain amino acids’ degradation is inhibited in the acute state.
However, this inhibition was not manifested in the metabolic pathway analysis performed
in MetaboAnalyst.

Hypoxanthine is an important part of purine metabolism [66], thus the elevated
levels of hypoxanthine found mainly in pre-shift plasma samples indicate alterations
in this metabolism. Such an observation is complementary to the findings of a previ-
ous study performed on the same cohort, where the markers of nucleic acids’ oxidation
(8-hydroxyguanosine and 8-hydroxy-2-deoxyguanosine) were identified in pre-shift EBC
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samples. Similar markers were also found in other toxicological studies of occupational
exposure to different NPs, indicating a general effect of chronic NPs exposure [12,54,55].

The metabolic pathway analysis performed mainly indicates that the induced oxida-
tive stress activates anti-oxidative pathways, and antioxidants, such as glutathione, are
extensively consumed. Higher demands in the supplement of the consumed antioxidants
can be observed in decreasing levels of their intermediates, in particular glutamine and
cystine. The decreased tryptophan levels may be related to the production of its metabo-
lites like kynurenic acid, which have protective effects against oxidative stress and lung
inflammation. Moreover, alterations of several other metabolic pathways were observed.

The changes induced in metabolic profiles by NPs exposure were associated predomi-
nantly to the organism’s response to oxidative stress. Similar response has been observed
in studies dedicated to evaluation of the oxidative stress induced by smoking. Despite the
number of smoking subjects being rather small in the presented study, statistical analysis
was also performed after exclusion of the smoking subjects. One subject was excluded
from the pre-shift/post-shift group and two subjects from the control group. The obtained
results were in correspondence with those found in the original study and only minor
changes were observed. Adjusted p-values of several metabolites levels previously found
as statically significant raised slightly above the designated threshold. On the other hand,
the adjusted p-value of hypoxanthine in blood plasma descended below the threshold in
the comparison of the pre-shift and control groups (Tables S5 and S6 in Supplementary
Materials). It is worth noting that the changes found in the results of univariate statistical
analysis can be partially attributed to the decreased number of samples. The group separa-
tion provided by multivariate statistical analyses remained unaffected (Figures S9–S12 in
Supplementary Materials). Major limitation of this study is the small number of subjects
reflecting the actual size of the workplace, as all available workers were included.

4. Conclusions

The EBC and blood plasma samples of a cohort of 20 workers exposed to NPs during
their occupation were analysed by 1H NMR spectroscopy and processed by statistical
analysis. Altogether, 15 metabolites were identified in EBC samples, while the analysis
of plasma samples provided 58 metabolites. Subsequent multivariate statistical analyses
performed on binning data from EBC and concentrations of 58 metabolites from plasma
samples enabled clear discrimination between the pre-shift, post-shift and control groups.
The univariate statistical analysis revealed statistically significant metabolites. Although
plasma and EBC samples each showed changes in levels of different metabolites, the
metabolic pathway analysis indicated, in both cases, mainly a reaction of the organism to
oxidative stress and subsequent efforts for its protection.

The comparison of the pre-shift and post-shift group accompanied by comparison of
the post-shift and control group provided insight into the acute effect of the NPs exposure.
Altered levels of lactate, pyruvate, 3-hydroxybutyrate, mannose and O-acetylcarnithine in-
dicated an energy balance impairment. The altered levels of glutamate, cystine, tryptophan,
acetate, propionate and butyrate were associated to the pathways related to the production
of antioxidants, mainly glutathione, and other protective species. The comparison of the
pre-shift and control group revealed that the chronic effect of the NPs exposure manifested
mainly in an alteration in glutamine and glutamate metabolism. The increased levels of
hypoxanthine indicated an impairment of the purine metabolism pathway.

The presented results correspond well with similar studies performed on cohorts
exposed to different types of NPs, indicating that the observed adverse effects can be
attributed to nanoparticles in general, rather than to their chemical nature.

This work is one of the few dealing with the occupational exposure to NPs studied by
the means of NMR metabolomics. Similar response to NPs exposure was observed for both
types of samples indicating that either biofluid can be used for evaluation of adverse effects
of nanoparticles inhalation. Potentially, blood derivatives could serve as an alternative to
commonly used EBC samples.
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sample; Table S2: Wilcoxon test for EBC samples; Figure S3: Principal component analysis for EBC
samples; Figure S4: Principal component analysis for plasma samples; Table S3: Wilcoxon test for
blood plasma samples; Figure S5: Fold change projection of pre-shift subjects and healthy controls;
Figure S6: Fold change projection of post-shift subjects and healthy controls; Figure S7: Fold change
projection of pre-shift and post-shift subjects; Figure S8: Metabolic pathway analysis; Table S4:
Overview of the most influenced metabolic pathways; Table S5: Wilcoxon test for EBC samples after
exclusion of smoking subjects; Table S6: Wilcoxon test for blood plasma samples after exclusion of
smoking subjects; Figures S9 and S10: Multivariate statistical analysis of EBC samples after exclusion
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exclusion of smoking subjects.
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