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Background/Objectives: The exposome, encompassing all environmental influences on 24 
health, plays a pivotal role in oxidative stress-related diseases. Negative air ions (NAIs), 25 
generated via Cold Atmospheric Plasma (CAP), have been proposed as potential modu- 26 
lators of oxidative resilience. This study aims to investigate the metabolic adaptations in- 27 
duced by prolonged exposure to an NAI-enriched environment in mice focusing on its 28 
effects in oxidative stress markers and energy metabolism in liver and blood. Methods: 29 
Twenty male C57BL/6J mice were divided into four groups: two experimental groups ex- 30 
posed to NAI-enriched air generated by an Air Cold Atmospheric Plasma–Nanoparticle 31 
Removal (aCAP-NR) device for either 18 days (short-term, ST) or 28 days (long-term, LT), 32 
and two control groups without exposure. Targeted metabolomics was performed in 33 
whole blood and liver using ultra-high-performance liquid chromatography–mass spec- 34 
trometry (UHPLC-MS). Statistical and pathway analyses were conducted to assess meta- 35 
bolic alterations. Results: Metabolic profiling revealed significant shifts in oxidative 36 
stress-related pathways, including enhanced glutathione metabolism, reduced lipid pe- 37 
roxidation, and modulation of purine metabolism. Short-term exposure led to increased 38 
mitochondrial efficiency and energy homeostasis, while long-term exposure induced 39 
adaptive metabolic reprogramming, with higher inosine levels suggesting enhanced an- 40 
tioxidant and anti-inflammatory responses. No adverse effects on systemic or hepatic 41 
health markers were observed. Conclusions: NAI exposure via aCAP-NR elicits a hor- 42 
metic response, enhancing metabolic efficiency and resilience to oxidative stress. These 43 
findings suggest that controlled environmental enrichment with NAIs may serve as a 44 
novel non-invasive strategy for mitigating oxidative damage and improving metabolic 45 
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health, as hormetic adaptative capacity and resilience to oxidative stress, warranting fur- 46 
ther translational research. 47 

Keywords: Negative air ions (NAIs), Oxidative stress, Metabolomics, Cold atmospheric 48 
plasma (CAP), Exposome, Antioxidant capacity, Hormesis, Cellular resilience. 49 
 50 

 51 

1. Introduction 52 

According to the World Health Organization (WHO), healthier environments could 53 
prevent almost one quarter of the global burden of disease (1). To address this issue, the 54 
WHO Health and Environment Program fosters cross-sector collaboration to improve 55 
health by tackling environmental determinants of disease, such as pollution and climate 56 
change. This program aligns with the goals of the Horizon Europe program and the Hu- 57 
man Exposome Project, which also prioritize health and environmental sustainability, an- 58 
alyzing the intricate interplay between diseases and environmental factors (2, 3). The hu- 59 
man exposome encompasses all environmental exposures that affect health throughout 60 
life, from conception to old age. It includes all external factors like air pollution, diet, 61 
chemicals, and lifestyle choices, as well as internal processes like metabolism and inflam- 62 
mation. Particularly, exposure to nanoparticles and air pollutants has been linked to a 63 
range of respiratory and cardiovascular illnesses due to their ability to penetrate deep into 64 
the lungs and bloodstream, highlighting the serious health risks posed by air pollution at 65 
a molecular level (4). 66 

A significant component of the human exposome is constituted by negative air ions 67 
(NAIs), which are electrically charged atoms that naturally exist in the atmosphere, typi- 68 
cally through processes like the movement of water or air (6). NAIs are believed to have 69 
potential health benefits, such as a reduction in stress levels, positively affecting respira- 70 
tory function and the overall well-being through their interactions in different pathways, 71 
including amino acid metabolism, anti-inflammatory responses, and antioxidant mecha- 72 
nisms, as well as enhancing energy production (6, 7). However, the evidence on the po- 73 
tential health benefits that NAIs may have is scarce and more research is needed. 74 

Environmental stressors—such as ultraviolet radiation, ionizing radiation, pollu- 75 
tants, and heavy metals—along with xenobiotics, including antineoplastic agents, sub- 76 
stantially promotes oxidative stress. This occurs due to an imbalance between the produc- 77 
tion of reactive oxygen species (ROS) within cells and tissues, and the biological system´s 78 
ability to detoxify or neutralize these reactive products. While ROS play essential roles in 79 
physiological processes, including cellular signalling, they are mainly by products of ox- 80 
ygen metabolism. When environmental stressors enhance ROS production without a cor- 81 
responding neutralization by antioxidants, it leads to oxidative stress, causing cellular and 82 
tissue damage (8). Among the detrimental effects attributed to ROS are lipid peroxidation, 83 
which is implicated in pathological processes such as atherosclerosis, asthma, Parkinson's 84 
disease, renal injury, and preeclampsia, among others (9,10, 11, 12, 13). 85 

On the other hand, exposure to certain environmental stressors is not always toxic. 86 
In this sense, cells possess the ability to adapt to stressful environments as part of their 87 
evolutionary development, showing beneficial effects in response to a low dose of a harm- 88 
ful or stressful agent. This adaptation to oxidative stress, commonly referred to as 89 
hormesis, constitutes a vital mechanism through which cells and organisms respond to 90 
and manage environmental and physiological changes related to oxidative stress levels. 91 
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Cold Atmospheric Plasma (CAP) has emerged as an innovative technology in bio- 92 
medicine due to its ability to generate reactive oxygen and nitrogen species (RONS) with- 93 
out causing damage to living tissues, which appear to elicit immune-like responses (14, 94 
15). CAP is a distinct form of ionized gas that is generated through the decomposition of 95 
polyatomic gas molecules or the removal of electrons from monoatomic gases. Character- 96 
ized by its low temperature and non-equilibrium state, CAP adheres to criteria such as 97 
quasineutrality, Debye shielding, and plasma frequency, which define its physical prop- 98 
erties (14, 15, 16). CAP has demonstrated potential across various medical fields, with 99 
therapeutic effects including antimicrobial properties, enhancement of wound healing 100 
processes, promotion of stem cell proliferation, and improvement of osseointegration, 101 
without inducing cytotoxic effects (14, 16, 17, 18). Due to its versatility and minimal cyto- 102 
toxicity, CAP is positioned at the forefront of preventive medicine; although its physio- 103 
logical effects, particularly in long-term applications, require further research. 104 

Recently, it has been demonstrated that the nanoparticle-free environment in the aer- 105 
odynamic size range of 0.3 to 10 µm (PM 0.3–10), significantly enhanced protein synthesis 106 
and mitochondrial efficiency in peripheral blood mononuclear cells (PBMCs), resulting in 107 
increased ATP production and a substantial reduction in protein damage and oxidative 108 
stress levels (4). Additionally, the combination of a nanoparticle-free environment with 109 
an enrichment in NAIs by cold atmospheric plasma, has been shown to enhance energy 110 
capacity, reduce endoplasmic reticulum stress, and activate cellular autophagic clearance 111 
in the brain, leading to a marked reduction in key markers of neurodegeneration (20). 112 
NAIs can be achieved using cold atmospheric plasma (CAP), which produces free elec- 113 
trons capable of attaching to gas molecules such as O₂ and CO₂, forming ions like O₂⁻ and 114 
CO₃⁻ (21, 22)). The efficiency of this process depends on factors such as gas composition, 115 
electric field strength, and discharge characteristics (20, 23, 24) (REF. A, C, D). In our 116 
aCAP-NR system, ionized air is produced in a closed plasma chamber and delivered into 117 
the exposure environment without direct plasma contact, ensuring that NAIs are the pre- 118 
dominant active component. In developing indirect CAP medical applications, a signifi- 119 
cant progress has been made in understanding the transport of reactive species from CAP 120 
sources to different bioavailable media such as water (25), hydrogels, biopolymers (26) 121 
liquid aerosols (27) or even only using air (25, 28),). Although by indirect applications of 122 
CAP all physicochemical characteristics (direct treatment, exposure to high electric fields, 123 
ultraviolet radiation) are lost, there are a limited number of RONS that remain, namely 124 
the long-lived RONS (H2O2, NO2−, NO3−, and ONOO−) (25, 29, 30, 31)). The mechanisms 125 
of the biological effects of plasma include changes in the extracellular and intracellular 126 
liquid medium, where RONS transferred to the medium play a dominant role in cellular 127 
redox signalling through transient or constantly increased concentrations of these reactive 128 
species in the cytosol (32,33).  The application of low-intensity plasma stimulates cellular 129 
redox signalling, resulting in increased antioxidant capacity, as well as the initiation of 130 
repair processes if necessary. This kinetics of biological effects is called hormesis, and in 131 
the field of redox biology it is a general principle of action of reactive species (34,35)). In 132 
general, hormetic effects are characterised by stimulation at low doses and inhibition at 133 
high doses (36). In this context, the main objective of the present study is to elucidate the 134 
effects of the external exposome enrichment with NAIs on the endogenous adaptative re- 135 
sponses by monitoring the metabolome targeted to oxidative damage in mice. 136 

2. Materials and Methods 137 

 138 

2.1 Animal experiments 139 
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Twenty 19-week-old C57BL/6J, mature adult, wild-type male mice were used. Ani- 140 
mals were purchased from Charles River (Charles River Laboratories, SA, Barcelona, 141 
Spain) and divided into four groups, with each group consisting of five mice: two experi- 142 
mental groups exposed to air enriched with NAIs generated by a device combining indi- 143 
rect air CAP generation and nanoparticle-removal systems (Biow®, Spain), during 24 144 
hours a day as a main source of breathing air, as previously described (20), and two con- 145 
trol groups which were not exposed to NAIs enrichment. Exposed mice were subjected to 146 
18 (short-term, TS) or 28 (long-term, TL) days of exposure, with free access to food and 147 
water. After this period, animals were sacrificed by exsanguination via the retro-orbital 148 
venous sinus under 4% isoflurane anaesthesia, and anticoagulated blood and liver tissue 149 
were collected and snap frozen for metabolomics analyses. All animal experiments were 150 
carried out under license A13220911, approved by the Animal Care and User Committee 151 
of the University of Murcia. 152 

Both the experimental and control mice groups shared all the room condition except 153 
the atmospheric anionic dilutions. Indeed, long-lived RONS generated by indirect CAP 154 
were only applied to the atmosphere at cage of the experimental group mice. Animals 155 
were kept in an air-filtered room at a constant temperature of 24 °C and a relative humid- 156 
ity of 40% under a controlled photoperiod of 12 hours of light and 12 hours of darkness. 157 
The combined aCAP-RN system acting as an external exposome modifier, was attached 158 
only to the cage of the experimental group mice as the main source of breathable air 24 /7 159 
days with pulsed anionic emissions. 160 

 161 

 2.2 Air Cold Atmospheric Plasma-Nanoparticle Removal (aCAP-NR) Device 162 

NAIs exposome enrichment was carried out by combining Air Cold Atmospheric 163 
Plasma and a broad-spectrum nanoparticle removal system in a unit developed by Biow® 164 
(Biow Exposomics SL, Spain), designed and certified in accordance with EN 60601-1- 165 
2:2015 and EN 60601-1:2006+AC:2010+A1:2013, as well as complying with directives 166 
2014/53/EU, 2011/65/EU (ROHS), 1907/2006/ED (REACH), and 2012/19/EU, ensuring con- 167 
formity with European safety and electromagnetic compatibility standards. The system 168 
integrates an air purification module with a cold atmospheric plasma (CAP) generator, 169 
forming a single unit capable of producing controlled concentrations of reactive oxygen 170 
and nitrogen species (RONS). These molecules, produced at biologically active yet low 171 
concentrations, are transported in a nanoparticle-free laminar airflow (5-20), facilitating 172 
their absorption through the skin and the mucosal surfaces of the respiratory and gastro- 173 
intestinal tracts (37, 38), ultimately entering the bloodstream. The effectiveness of the sys- 174 
tem relies on the absence of turbulence in the airflow, ensuring the stability and bioavail- 175 
ability of negatively charged ions. 176 

To confirm the production of RONS, spectroscopic measurements were conducted in 177 
the ultraviolet-visible (UV-VIS, 200-800 nm) range using a fiber-optic spectrometer (B&W 178 
TEK Inc. Models Exemplar-LS, Newark, DE, USA). It was observed that emission within 179 
the visible spectrum (400–800 nm) was significantly lower than that in the ultraviolet 180 
range (200–400 nm), suggesting a high RONS yield, consistent with previous reports on 181 
this system (20). The aCAP-NR system is based on a dielectric barrier discharge (DBD) 182 
configuration operating at atmospheric pressure. Negative air ions (e.g., O₂⁻, CO₃⁻) are 183 
formed through dissociative electron attachment to gas molecules within a sealed cham- 184 
ber, without direct plasma exposure to the environment. This configuration limits the 185 
presence of confounding factors such as heat, ozone, and UV radiation, ensuring that 186 
NAIs are the main active agents delivered to the exposure chamber ((21,22,23,24) 187 

The long-lived RONS, as NAIs emitted at the air media by aCAP-NR, were applied 188 
to enrich only the atmosphere at the experimental group mice cage. Measurements of 189 
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atmospheric ion dilutions (ions/103cm3) within the cage of mice experimental group 190 
ranged from 1,5 at the peripheral cage area, and 150 at the areas closer to aCAP source, 191 
suggesting the existence of different areas, reflecting that areas closer to the cage walls 192 
have the lowest level of ion dilutions. These atmospheric ion conditions ensure that out- 193 
side the cage of mice experimental, there was no NAIs enrichment of breathable air at all, 194 
therefore mice controls were not exposed to long-lived RONS enrichment. The aCAP-NR 195 
system was continuously applied in semi-enclosed environments with a temperature 196 
range of 10–40ºC and relative humidity of 35–75% (non-condensing). The applied level of 197 
ions was 150,000 ions/cm³, for uninterrupted exposure 24 hours a day, along the whole 198 
experiment time. The system’s technical specifications applied to the study included a 199 
supply voltage (230V), with a frequency of 50 Hz and maximum power (525W), under 200 
protection type Class 1(EN 60601-1) and IP21 protection rating. 201 

2.3 Sample preparation and metabolomic analysis 202 
Metabolomics analyses were performed as previously described (23). Briefly, 25 µL 203 

of whole blood or 2-5 mg of freeze-dried liver was mixed with the following amounts of 204 
internal standards dissolved in water (for a total of 500 µL water and 500 µL methanol). 205 
Details of the internal standards used and their concentrations are shown in Table 1.. After 206 
addition of 1 mL chloroform, samples were homogenized using a TissueLyser II (Qiagen, 207 
Hilden, Germany) for 5 minutes at a frequency of 30 times per second. Samples were then 208 
centrifuged for 10 minutes at 18.000g. The top layer of each sample, containing the polar 209 
phase, was then transferred to clean tubes and dried using a vacuum evaporator at 60 °C. 210 
Dried samples were reconstituted in 100 µL 3:2 (v/v) methanol:water. Metabolites were 211 
analysed using a Waters Acquity ultra-high performance liquid chromatography system 212 
coupled to a Bruker Impact II™ Ultra-High Resolution Qq-Time-Of-Flight mass spectrom- 213 
eter. Chromatographic separation of the compounds was achieved using a SeQuant ZIC- 214 
cHILIC column (PEEK 100 x 2.1 mm, 3 µm particle size, Merck) at 30 °C. The LC method 215 
consisted in a gradient running at 0.25 mL/min from 100% mobile phase B (9:1 acetoni- 216 
trile:water with 5 mM  ammonium acetate pH 8.2) to 100% mobile phase A (1:9 acetoni- 217 
trile:water with 5 mM ammonium acetate pH 6.8) in 28 minutes, followed by a re-equili- 218 
bration step at 100% B of 5 minutes. MS data were acquired using negative and positive 219 
ionization in full scan mode over the range of m/z 50-1200. Data were analysed using 220 
Bruker TASQ software version 2.1.22.3. All reported metabolite intensities were normal- 221 
ized to dry tissue weight, as well as to internal standards with comparable retention times 222 
and response in the MS.  223 

 224 
  225 

2.4 Statistical and pathway analysis 226 
Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) was conducted 227 

to provide a comprehensive overview of the complete dataset following mean centered 228 
scaling, with the objective of identifying distribution patterns and elucidating metabolic 229 
differences between the study groups. To identify the best performing model, the 230 
Roplspvs workflow was used, prioritizing predictive power while minimizing overfitting. 231 
This method refines the metabolite set to a key subset that enhances group separation and 232 
holds potential biomarker significance. Variable selection was guided by two main met- 233 
rics: Variable Importance in Projection (VIP) and scaled loadings, p(corr). The optimal 234 
model was identified by aiming for high Q2 values, minimal discrepancies between R2Y 235 
and Q2, and low permutation p-values. 236 

An unpaired, two-tailed t-test was used for statistical comparisons between groups, 237 
with a p-value < 0.05 considered indicative of statistical significance. To assess the magni- 238 
tude of metabolite accumulation changes, the logarithm of the fold change was calculated. 239 
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The OPLS-DA, volcano plot analysis, and t-tests were performed using R software (ver- 240 
sion 4.3.2), Roplspvs package (39) and the MetaboAnalystR package (40). 241 

For pathway analysis, Bonferroni-corrected p-values were calculated using the 242 
Quantitative Enrichment Analysis (QEA) module of MetaboAnalystR (40), which is based 243 
on the globaltest algorithm. Differential metabolites from each group were evaluated with 244 
reference to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (41) and the 245 
Small Molecule Pathway Database (SMPDB) (42) to identify the most relevant biological 246 
pathways. KEGG pathway maps for the significant metabolites were visualized using the 247 
Pathview R package (version 1.42.0). 248 

 249 

3. Results 250 

A significant increase in the concentration of bioavailable NAIs was observed during 251 
environmental enrichment. The system maintained a continuous laminar flow of long- 252 
lived reactive oxygen and nitrogen species, ensuring sustained exposure to biologically 253 
active anions throughout the experimental period. These conditions contributed to the 254 
establishment of a nanoparticle-free environment. 255 
Building upon previous proteomics findings in this experimental model, which revealed 256 
early molecular signatures of adaptation to atmospheric anion enrichment (20), the pre- 257 
sent study aimed to characterize the metabolome fingerprint induced by such environ- 258 
mental exposure. A targeted analysis of selected metabolites (Table 1) was conducted to 259 
investigate metabolome changes associated with mitochondrial function and antioxidant 260 
responses. Given the dynamic nature of the metabolome and its ability to reflect real-time 261 
biochemical activity, this approach offers deeper insights into the molecular phenotype 262 
driven by negatively charged atmospheric ions. 263 
To this end, adult mice (19 weeks old) were exposed to a direct flow of NAIs-enriched air 264 
generated by the aCAP-NR device for either 18 days (short-term exposure, TS) or 28 days 265 
(long-term exposure, TL), and compared to non-exposed control animals. The following 266 
sections describe the metabolome findings and the associated metabolome pathways al- 267 
tered under each exposure condition. 268 

. 269 

3.1. Changes in metabolome landscape 270 

Target metabolic profiles were analysed from both liver tissue and blood of adult 271 
mice before and after exposure to aCAP-NR direct air flow free of nanoparticles and com- 272 
pared to non-exposed animals as controls. A total of 131 metabolites were identified in 273 
liver (Fig. 1) and 111 in blood (Fig. 2). The intensities of all detected metabolites are avail- 274 
able in the Supplementary Tables S1 and S2 for liver and blood, respectively. 275 

To visualize alterations in the metabolic profile, the results were presented as a vol- 276 
cano plot, which integrates statistical significance with fold change, highlighting metabo- 277 
lites showing a large magnitude of change (Figures 1A, 1B, 2A, and 2B). 278 

As shown in figures 1C and 1D, and figures 2C and 2D, the OPLS-DA models after 279 
variable selection demonstrated a pronounced separation between the control groups and 280 
those exposed to NAIs exposome enrichment. These models were validated through per- 281 
mutation tests, yielding the following parameters in liver TS: R2Y: 0.731, Q2: 0.656; TL: 282 
R2Y: 0.983, Q2: 0.89, and in blood TS: R2Y: 0.798, Q2: 0.739; TL: R2Y: 0.981, Q2: 0.902. Fig- 283 
ures 1e and 1f, as well as 2e and 2f, illustrate the selected variables for the chosen models. 284 
Following variable selection through OPLS-DA models, a subsequent filtering step based 285 
on statistical significance was applied (p<0.05). Tables 2 and 3 enumerate the metabolites 286 
that met these criteria. 287 
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The results indicated that the highest number of significant changed metabolites was 288 
observed in the liver of mice subjected to prolonged exposure compared to their controls. 289 
Conversely, short exposure induced the least pronounced changes in the liver of mice 290 
when compared to their controls. 291 

 292 

3.2 Metabolome Pathway Analysis 293 
To identify significant KEGG and SMPDB pathways associated with the selected me- 294 

tabolites, quantitative enrichment analysis was performed using MetaboAnalyst annota- 295 
tion tools. KEGG and SMPDB are curated databases that classify metabolic pathways 296 
based on genetic and biochemical knowledge. Pathway names used in this study reflect 297 
standardized annotations from these sources. The different metabolome patterns ob- 298 
served in blood and liver were categorized accordingly to highlight functionally relevant 299 
metabolic alterations. As shown in Figure 3, most of the identified pathways in both tis- 300 
sues belong to the amino acid metabolism category.. In blood (Fig. 3A), this is closely fol- 301 
lowed by carbohydrate metabolism. In contrast, in liver (Fig. 3B), the next most impacted 302 
pathway is cofactor and vitamin metabolism, though its occurrence is significantly lower 303 
than that of amino acid metabolism.  304 

It should be noted that pathway names reflect database annotations and may include 305 
reactions that are not necessarily active in mammals. In this context, pathway enrichment 306 
reflects statistically significant differences in the abundance of metabolites associated with 307 
a pathway, rather than full engagement of the entire biosynthetic or catabolic route. 308 

Figures 4 and 5 illustrate the top 10 pathways for each comparison. In liver (Fig. 4), 309 
for shorter exposure times, analyses using both the KEGG and SMPDB databases reflect 310 
that glutathione metabolism is one of the most affected pathways. Additionally, notable 311 
alterations are observed in glutamate and arachidonic acid metabolism. For long-term ex- 312 
posure, the most significantly affected pathways include amino acid metabolism—such 313 
as phenylalanine, tyrosine, and tryptophan pathways—as well as vitamin A (retinol) me- 314 
tabolism. 315 

In the blood of long-term exposed mice (Fig. 5), only a single pathway exhibits a sta- 316 
tistically significant difference; glutathione metabolism, which was also observed in the 317 
liver of mice of the short-exposure group. Conversely, the short-exposure group shows a 318 
strong association of modified metabolites with the metabolism of several amino acids, 319 
including valine, leucine, isoleucine, arginine, and proline. Additionally, although with 320 
lower statistical significance, pathways related to carbohydrate metabolism—such as the 321 
TCA cycle and glycolysis/gluconeogenesis—are also affected. To further elucidate the 322 
metabolic alterations induced by NAI exposure, KEGG pathway maps for key metabolic 323 
pathways were generated to visualize the impact of exposure on blood and liver tissues. 324 
Significant metabolite alterations were identified for short-term exposure in blood, and 325 
for both short-term and long-term exposures in liver. The detailed pathway maps are pre- 326 
sented in Supplementary Figures 1-3: (1) Glycolysis / Gluconeogenesis in blood (short- 327 
term), (2) Glutathione metabolism in liver (short-term) and (3) Glutathione metabolism in 328 
liver (long-term). In addition, Figure 6 displays the KEGG-based representation of the 329 
glutathione biosynthesis pathway, highlighting the normalized abundance of key metab- 330 
olites in liver tissue after short-term NAI exposure.  331 

For the detailed results of the metabolome pathway analysis, please refer to the QEA 332 
Analysis file in the Supplementary Data (Tables S3–S6). 333 

3.2. Figures and Tables 334 
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 335 

Figure 1. Statistical analysis of liver samples of short-term exposure vs short-term control (A, C and 336 
E), and long-term exposure vs long-term control (B, D and F). (A, D) Volcano plot with significant 337 
metabolites indicated. (B, E) OPLS-DA analysis. (C, F) Selected variables of the OPLS-DA model.  338 

  339 

Figure 2. Statistical analysis of blood samples of short-term exposure vs short-term control (A, C 340 
and E), and long-term exposure vs long-term control (B, D and F). (A, D) Volcano plot with signifi- 341 
cant metabolites indicated. (B, E) OPLS-DA analysis. (C, F) Selected variables of the OPLS-DA 342 
model.  343 
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 344 

Figure 3. Percentage distribution of KEGG pathway groups for significant metabolites in blood and 345 
liver.  346 

 347 

Figure 4. Pathway enrichment analysis of significant metabolites in liver samples. Bar plot illustrates 348 
the enrichment analysis of the top KEGG and SMPDB pathways with their p-values and enrichment 349 
ratio (number of results obtained in a metabolic pathway divided by the expected number of re- 350 
sults). Deeper red colours represent pathways with the highest differential significance. TS: short- 351 
term exposure; CS: short-term control; TL: long-term exposure; CL: long-term control. 352 
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 354 

Figure 5. Pathway enrichment analysis of significant metabolites in blood samples. Bar plot showing 355 
the KEGG and SMPDB top pathways enrichment analysis, presenting their respective p-values and 356 
enrichment ratios (number of results obtained in a metabolic pathway divided by the expected num- 357 
ber of results). Deeper red colours represent pathways with the highest differential significance. TS: 358 
short-term exposure; CS: short-term control; TL: long-term exposure; CL: long-term control. 359 

 360 

Figure 6. Relative abundance of metabolites involved in the glutathione biosynthesis pathway in 361 
liver after short-term NAIs exposure. Data are shown as normalized intensity in control (CS, blue) 362 
and treated (TS, red) groups. 363 

Internal standards compound nmol Internal standards compound nmol 

Adenosine-15N5-monophosphate 5.0 D5-glutathione 1.0 

Adenosine-15N5-triphosphate  5.0 13C6-isoleucine  0.5 

D4-alanine  0.5 D3-lactic acid  1.0 

D7-arginine  0.5 D3-leucine 0.5 

D3-aspartic acid  0.5 D4-lysine 0.5 

D3-carnitine 0.5 D3-methionine 0.5 
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D4-citric acid  0.5 D6-ornithine 0.5 

13C1-citrulline  0.5 D5-phenylalanine  0.5 

13C6-fructose-1,6-diphosphate  1.0 D7-proline 0.5 

Guanosine-15N5-monophosphate  5.0 13C3-pyruvate 0.5 

Guanosine-15N5-triphosphate  5.0 D3-serine 0.5 

13C6-glucose  10.0 D6-succinic acid 0.5 

13C6-glucose-6-phosphate 1.0 D5-tryptophan 0.5 

D3-glutamic acid  0.5 D4-tyrosine 0.5 

D5-glutamine  0.5 D8-valine 0.5 

 364 

Table 1. Internal standards used for metabolome analysis and their respective concentrations. 365 

 366 

TS vs CS 

Metabolites TS (mean ±SD) CS (mean ±SD) p_value Log Fold Change 

Glutathione 13.195 ± 1.704 11.78 ± 2.115 0.02065847 0.49196 

Ophthalmic acid 0.079 ± 0.038 0.035 ± 0.009 0.02743137 1.3896 

Oxiglutathione 4.451 ± 0.266 3.709 ± 0.24 0.03274709 0.53576 

TL vs CL 

Metabolites TL (mean ±SD) CL (mean ±SD) p_value Log Fold Change 

Phenylalanine 28.285 ± 7.546 34.82 ± 9.783 0.00198513 -0.41637 

Glycerophosphocholine 0.716 ± 0.11 0.901 ± 0.213 0.00386516 -0.63543 

Serine 88.144 ± 25.328 112.205 ± 47.507 0.00494991 -0.70711 

Betaine 0.117 ± 0.021 0.123 ± 0.025 0.00563138 -0.6689 

Tryptophan 0.76 ± 0.095 0.85 ± 0.159 0.00712724 -0.41976 

Leucine 0.165 ± 0.033 0.172 ± 0.036 0.00872041 -0.51078 

Methionine 0.133 ± 0.036 0.15 ± 0.041 0.0099779 -0.41337 

Citrulline 0.375 ± 0.048 0.439 ± 0.073 0.01278198 -0.51846 

Isoleucine 0.585 ± 0.09 0.707 ± 0.141 0.01392599 -0.58514 

Valine 28.285 ± 7.546 34.82 ± 9.783 0.0183183 -0.63669 

Oxiglutathione 0.716 ± 0.11 0.901 ± 0.213 0.02235191 -0.34569 

 367 

Table 2. Mean ± standard deviation (SD) of metabolites significantly altered in liver samples. Only 368 
metabolites with p < 0.05 are shown. TS: short-term exposure; CS: short-term control; TL: long-term 369 
exposure; CL: long-term control. 370 

TS vs CS 

Metabolites TS (mean ±SD) CS (mean ±SD) p_value Log Fold Change 

Creatine 0.068 ± 0.004 0.079 ± 0.005 0.00733447 -0.22613 

Xanthine 0.016 ± 0.005 0.208 ± 0.181 0.01799637 -3.7395 

Valine 0.588 ± 0.151 1.027 ± 0.243 0.021987 -0.8043 
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Table 3. Mean ± standard deviation (SD) of metabolites significantly altered in blood samples. Only 371 
metabolites with p < 0.05 are shown. TS: short-term exposure; CS: short-term control; TL: long-term 372 
exposure; CL: long-term control. 373 

4. Discussion 374 

In the present work we investigate, for the first time, exposome interactions by ana- 375 
lysing the association between the external exposome enriched by NAIs generated by 376 
aCAP-NR system, and the endogenous metabolome, in C57BL/6 mature adult male mice, 377 
at different NAIs exposure times and looking at the health outcomes by metabolome anal- 378 
ysis. We have chosen the C57BL/6 strain since this is a genetically defined inbred mouse 379 
strain, and the most widely used in metabolic studies, as all individuals are healthy and 380 
genetically identical with minimal phenotypic variation, allowing for more statistically 381 
powerful analyses. 382 

The exposome top-down strategy for analysing health status and finding causes of 383 
disease relies on samples of biospecimens to simultaneously investigate exposures origi- 384 
nating both inside and outside the body (43). This exposome study encompasses an expo- 385 
sure to exogenous NAIs and the analysis of the endogenous metabolites from blood and 386 
liver that are produced or altered in response to NAIs as external stressors. Although se- 387 
rum is often considered the gold standard for clinical studies, it has been suggested that 388 
blood should be preferred above serum for clinical metabolome studies as the serum 389 
metabolome may be substantially confounded by platelets (44). In this study, all 19-week 390 
adult mice (equivalent to approximately 25 human years) were exposed to the same con- 391 
ditions of NAIs enrichment as the main source of breathing air in comparison to controls. 392 
Monitoring the exposure included baseline analysis, without NAIs enrichment, and after 393 
18 and 28 days (equivalent to 3 and 4 human years, respectively) of NAIs environmental 394 
enrichment using aCAP-NR. This was achieved through indirect CAP application, in 395 
which ionized air containing long-lived RONS (such as H₂O₂, NO₂⁻, NO₃⁻, and ONOO⁻) 396 
was delivered via a nanoparticle-free laminar flow, without direct contact with the plasma 397 
source. This configuration helps preserve the energy and reactivity of the anions, ensuring 398 
their bioavailability through inhalation or skin absorption. This approach allowed the 399 
study of the adaptative response capacity to a modified external exposome, especially 400 
when it is expected to find out cumulative biological effects produced by NAIs, as envi- 401 
ronmental enrichment influences reactivity by genetic and epigenetic mechanisms (45), 402 
induces reduction of neurodegenerative markers (20) and improve mitochondrial energy 403 
efficacy, antioxidant effects and promotes changes in the respiratory transport chain in 404 
peripheral blood lymphocytes (4). Initially, the understanding of NAIs-induced adverse 405 
events was explored. The comparative analysis of treated and control mice at both expo- 406 
sure times (18 and 28 days) revealed no systemic or hepatic side effects, as well as no side 407 
effects in terms of behaviour, weight, exercise and explorative activity, fat accumulation 408 
disorder, dyslipidaemia, hyperglycaemia, and hyperinsulinemia, nor metabolic and he- 409 
patic damage. These exposomic adaptative responses observed in mice can be extrapo- 410 
lated to humans, revealing that that continuous and prolonged NAIs enrichment by 411 

Hypoxanthine 0.005 ± 0.001 0.033 ± 0.02 0.02248012 -2.7161 

Lactate 4.899 ± 1.743 10.156 ± 3.972 0.03046626 -1.0516 

Pyruvate 0.42 ± 0.052 0.584 ± 0.135 0.04361697 -0.47708 

TL vs CL 

Metabolites TL (mean ±SD) CL (mean ±SD) p_value Log Fold Change 

Pyroglutamic acid 0.641 ± 0.341 0.229 ± 0.073 0.0101355 1.4824 

Inosine 0.032 ± 0.045 0.001 ± 0.001 0.043386 4.6955 
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aCAP-NR is a safe approach to be used also humans, especially taking into account that, 412 
in humans, a continuous (24h/day) exposure to NAIs enrichment is not possible.Never- 413 
theless, although no adverse effects were observed in our study under either short- or 414 
long-term exposure conditions, further research is warranted to fully assess potential 415 
long-term effects and to investigate how NAIs may interact with other biological and 416 
environmental factors. Importantly, the distinct metabolome expression patterns 417 
identified in response to environmental enrichment open new avenues for precision 418 
medicine, enabling the discovery of novel biomarkers to detect early shifts in health status 419 
in response to external changes (46)). 420 

 421 
Exposome analysis incorporating biological responses requires multiple disciplines 422 

and tools to measure its high dynamism in time and space, the quantum nature of dose- 423 
response relationships, the variability of individual responses with exposure history, age, 424 
exposure time, and co-exposures (47). Therefore, incorporation of omics methods, such as 425 
the analysis of the metabolome, helps to characterize the molecular changes associated to 426 
the expected cumulative biological effects. Indeed, in this study, monitoring NAIs expo- 427 
sure with biological response for defining functional exposome provides a more under- 428 
standing of the relationship between NAIs (exogenous exposome), and metabolome out- 429 
comes (endogenous exposome), detected before and after NAIs exposure. This is the first 430 
study that uses a metabolome targeted follow-up approach to evaluate the effect of expo- 431 
some enrichment by NAIs using aCAP-NR strategy. The current work focuses on the role 432 
of blood and liver metabolites from the endogenous metabolome by targeted metabolom- 433 
ics-based tools, knowing that the NAIs of the environment generated by aCAP-NR must 434 
be the unique driver of the individual´s metabolomic phenotypes in response to different 435 
exposure time strategies to untangle the interactions between similar external NAIs expo- 436 
sures and individual´s endogenous metabolites in comparison to non-exposure controls, 437 
and using statistical and computational methods associating the exposome to metabolome 438 
outcomes to achieve precision metabolomics looking for markers that can be clinically 439 
actionable. 440 

Using a metabolomics-based approach, we perform targeted tracking of a panel of 441 
blood and liver metabolites and compare metabolome data before and after aCAP-NR 442 
exposure. This allows to understand changes in health agers process through changes in 443 
metabolite levels due to the functional differences between different organs. In addition, 444 
the levels of metabolites in the same organ will be different at different time exposure 445 
strategies due to the different needs and responses of the body’s life activities (48) 446 

In this study, KEGG pathway maps, as reference curated database resource, allowed 447 
data interpretation at high-level functions in molecular interaction and reaction networks 448 
derived from the NAIs external exposome interaction with the endogenous metabolome. 449 
Overall, KEGG analysis highlights the influence of NAIs enrichment on metabolic path- 450 
ways related to amino acids, carbohydrates, nucleotides, lipids, and cofactors and vita- 451 
mins, both in blood and liver. The results of the targeted metabolome analysis in blood 452 
and liver of adult mice indicate that NAIs enrichment by aCAP-NR, significantly influ- 453 
ences the endogenous exposome of the animals, leading to remarkable shifts in their met- 454 
abolic profile. Metabolic pathway analysis in these two tissues also suggests that NAIs 455 
enrichment by aCAP-NR can reach multiple tissues and have a significant impact across 456 
diverse metabolic pathways. These pathways are named according to KEGG and SMPDB 457 
database annotations, and their inclusion reflects statistically enriched associations with 458 
detected metabolites. As such, they do not necessarily imply full functional activation of 459 
the corresponding biological routes in mammals. 460 

Adult mice after short-term exposure to NAIs exhibited a reduction in lactate and 461 
pyruvate levels in blood when compared to controls. These two metabolites are key in 462 
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boosting cellular energy and wound healing processes (49). During periods of intense ex- 463 
ercise, oxygen availability becomes a limiting factor, and the energy demands required to 464 
sustain muscle contraction frequently exceed the mitochondrial capacity to produce ATP 465 
through oxidative phosphorylation (50, 51). Under anaerobic conditions, in order to sus- 466 
tain glycolysis, pyruvate enters the alternative lactic fermentation pathway, wherein the 467 
cytosolic enzyme lactate dehydrogenase (LDH) converts pyruvate into lactate. The lactate 468 
produced in muscle tissue is then transported into the bloodstream, circulated, and sub- 469 
sequently absorbed by the liver. In the liver, LDH reconverts lactate into pyruvate, thereby 470 
supporting the citric acid cycle and gluconeogenesis. This entire process is known as the 471 
Cori cycle (52, 53). The observed decreases in blood lactate and pyruvate levels may reflect 472 
a more efficient utilization of energy, thus reducing the need for lactate production and, 473 
by extension, pyruvate production (53) and reduce the risk of lactic acidosis (54). How- 474 
ever, as both metabolites are tightly regulated and subject to rapid physiological fluctua- 475 
tions, their interpretation should be made cautiously and within the broader context of 476 
systemic metabolism. 477 

Besides, a mild decrease in blood creatine levels is observed. Creatine plays a vital 478 
role in the rapid regeneration of ATP, which is essential for muscle contraction during 479 
intense physical activity. When muscles undergo adequate recovery following exercise, 480 
the need to break down creatine for energy diminishes. This may result in a modest re- 481 
duction in blood creatine levels as the body optimizes its utilization and storage (54,55). 482 
In this context, the reduction in valine levels is noteworthy, since valine, a branched-chain 483 
amino acid, plays a crucial role in muscle metabolism and energy production (56,57). Such 484 
a decrease may suggest increased utilization by tissues, particularly in muscle, during ex- 485 
ercise or recovery phases. This could signify effective post-exercise recovery, as the body 486 
becomes more efficient in using amino acids to fulfil energy and protein synthesis require- 487 
ments, thereby facilitating enhanced muscle repair and growth (58, 59). Additionally, a 488 
reduction in purine metabolism was observed which can contribute to reactive oxygen 489 
species (ROS) generation via the activity of xanthine oxidase, which converts hypoxan- 490 
thine into xanthine and subsequently into uric acid (60,61,62,63) Therefore, the observed 491 
reduction in purine metabolism could also imply a decrease in oxidative stress. Further- 492 
more, it has been reported that blood levels of hypoxanthine and xanthine are important 493 
indicators of metabolic efficiency. A reduction in the accumulation of these metabolites 494 
may thus point towards enhanced ATP production and a more efficient utilization of en- 495 
ergy substrates (50,51). These findings are consistent with previously published results, 496 
demonstrating an improvement in ATP production efficiency both in human peripheral 497 
blood lymphocytes (PBMCs) and mouse brain (4,20). 498 

Regarding the metabolites detected in the liver, after short-term NAIs exposure, an 499 
increase in glutathione (GSH) metabolism was observed. GSH is a key antioxidant that 500 
plays an essential role in maintaining cellular health and preventing chronic diseases. Low 501 
levels of GSH are associated with various inflammatory conditions, including metabolic 502 
syndrome, cardiovascular diseases, and neurodegenerative disorders (64,65, 66). As a po- 503 
tent antioxidant, GSH protects against oxidative stress, regulates cellular processes, and 504 
supports immune function (67). In addition, oxidized glutathione (GSSG), commonly re- 505 
ferred to as oxiglutathione, serves a critical function in the cellular antioxidant defence 506 
system. Reduced glutathione (GSH) and oxiglutathione collaboratively engage in a redox 507 
cycle that effectively neutralizes reactive oxygen species (ROS) and other free radicals, 508 
thereby protecting cells from damage (68). Moreover, GSH depletion has been shown to 509 
induce ferroptosis and autophagy (69). Ferroptosis is considered one of the most ancient 510 
and prevalent forms of regulated non-apoptotic cell death, characterized by iron-depend- 511 
ent lipid peroxidation and ROS derived from lipid sources. This process has been involved 512 
in both the pathology of degenerative diseases and tumour suppression (70). Excessive 513 
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lipid peroxidation is regarded as a critical feature of ferroptosis, which can be mitigated 514 
by the action of glutathione. In this context, NAIs generated by aCAP-NR could have a 515 
powerful antioxidant effect in liver lipoperoxidation, preventing ferroptosis-induced cell 516 
death, and maintaining a healthier liver function. Indeed, an increase in the levels of oph- 517 
thalmic acid was also observed after short-term NAIs exposure. This compound is associ- 518 
ated with amino acid metabolism and is synthesized from cysteine and homocysteine. 519 
Elevated levels of ophthalmic acid may indicate that the liver is actively engaged in de- 520 
toxifying harmful compounds, potentially as a response to oxidative stress or environ- 521 
mental contaminants (71,72). Additionally, ophthalmic acid may influence the availability 522 
of cysteine, a crucial amino acid for glutathione synthesis. The observed increased levels 523 
of ophthalmic acid may thus correlate with enhanced glutathione production also found 524 
after short-term NAIs exposure, as it provides the necessary precursors for its synthesis 525 
as previously described (67, 72). Both ophthalmic acid and glutathione are critical compo- 526 
nents of the antioxidant defence system. While glutathione protects cells from oxidative 527 
damage, ophthalmic acid may help regulate glutathione levels and contribute to the de- 528 
toxification of ROS. 529 

All these findings from short-term NAIs enrichment when extrapolated to the equiv- 530 
alent exposure times in humans reveal that the exposure to NAIs by aCAP-NR for pro- 531 
longed periods (up to 3 years) may improve the adaptative mitohormetic response in met- 532 
abolic efficiency, leading to a more effective utilization of energy, muscle recovery, anti- 533 
oxidant resilience and liver detoxifying functions, and reinforce the healthier and preven- 534 
tive effects associated to NAIs-aCAP-NR exposure (4, 20). 535 

The second part of this exposome monitoring study was to examine which underly- 536 
ing metabolome factors are involved in the exposome interactions to long-term exposure 537 
to NAIs, in adult mice. In this sense, NAIs enrichment reveals significant blood metabolic 538 
changes compared to their controls, especially in regard to two metabolites, pyroglutamic 539 
acid (pGlu) and inosine. 540 

After long-term exposure to NAIs enrichment, the blood levels of pyroglutamic acid 541 
showed a slight increase in adult mice. The metabolite pGlu, derived from glutamate, 542 
plays a role in amino acid metabolism and cellular redox balance, functioning as an anti- 543 
oxidant with a vital role in brain function and ammonia detoxification. On the other hand, 544 
highly elevated levels of pyroglutamic acid may be linked to increased oxidative stress, 545 
as it can accumulate as a byproduct of glutathione degradation (73, 74). Furthermore, the 546 
role of this compound in modulating inflammatory processes has also been documented 547 
(75). Therefore, the observed slight increase in pyroglutamic acid levels may reflect an 548 
adaptive metabolic response to NAIs exposure, potentially contributing to the regulation 549 
of redox balance and inflammatory processes. 550 

Findings after long-term NAIs enrichment with aCAP-NR reveal a significant eleva- 551 
tion in blood levels of the nucleoside inosine with an important role in purine biosynthe- 552 
sis, gene translation, modulation of RNAs and as secondary metabolite in purine metab- 553 
olism acting as a molecular messenger in cell signalling pathways (76). Inosine may result 554 
from ATP degradation during intensive energetic processes, such as physical exercise or 555 
metabolic stress. Consequently, inosine can function as an antioxidant, mitigating oxida- 556 
tive stress (77,78). Furthermore, it may act as a modulator of the inflammatory response 557 
elicited by cytokine release under stress conditions, thereby assisting in the regulation of 558 
immune function and inflammation (79,80). Therefore, the increased inosine blood levels 559 
after NAIs enrichment by aCAP-NR may represents an adaptive antioxidant resilience 560 
mechanism. 561 

Liver metabolome changes in various amino acids are additionally recorded after 562 
long-term NAIs enrichment, with most of them exhibiting very mild changes (fold change 563 
of less than one). Under physiological conditions, the liver serves a vital role in the 564 
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synthesis of plasma proteins and the production of enzymes and other essential metabolic 565 
compounds (81,82,83). Consequently, a slight decrease in the circulating levels of these 566 
amino acids may be attributed to their utilization in protein synthesis. Furthermore, a de- 567 
crease in oxidized glutathione is also evident, without any direct impact on glutathione 568 
levels. As previously mentioned, GSSG is the oxidized form of glutathione, formed when 569 
GSH acts as an antioxidant and becomes oxidized to GSSG. The reduction in oxidized 570 
glutathione after NAIs enrichment may indicate that the antioxidant system is more effec- 571 
tive, and the cells are recovering a more balanced redox state following oxidative stress. 572 
Moreover, the GSH/GSSG ratio is an important indicator of cellular health, with lower 573 
ratios indicating oxidative stress conditions (67, 84). Overall, the accumulated evidence 574 
suggests that mature adult mice subjected to prolonged exposure to NAIs enrichment may 575 
be pre-conditioning hormetic responses to effectively managed oxidative stress. 576 

Consequently, after long-term NAIs-aCAP-NR exposure the observed elevation in 577 
inosine levels as a byproduct of ATP degradation may be attributed to an enhanced en- 578 
ergy consumption, necessary for the maintenance of homeostasis (85, 86). Moreover, both 579 
inosine and pyruvate may contribute to the regulation of inflammation and the immune 580 
response elicited by stress. The observed reduction in GSSG indicates that the organism 581 
is efficiently managing oxidative stress by mitigating the burden of ROS through the pro- 582 
duction of GSH. Ultimately, the liver may mobilize amino acids from reserves to satisfy 583 
metabolic demands, such as the synthesis of proteins required for cellular repair and en- 584 
ergy production (87,88,89). In summary, the metabolome changes after NAIs enrichment 585 
may reflect an efficient adaptive mechanism for pre-conditioning metabolic response to 586 
oxidative stress, supporting hormesis and preserving cellular functions. 587 

5. Conclusions 588 

The exposome NAIs enrichment induces a shift in the metabolome profile of blood 589 
and liver, suggesting a multisystemic impact. Specifically, short-term NAIs enrichment 590 
by aCAP-NR appears to enhance both metabolic efficiency and resilience against oxida- 591 
tive stress. A long-term NAIs exposure, may be associated with the adaptive mechanism 592 
for pre-conditioning metabolic response to oxidative stress. The adaptive response ob- 593 
served after prolonged exposures suggests that initial exposure to NAIs may have in- 594 
duced an adaptation, potentially activating signalling pathways that stimulate antioxi- 595 
dant production and enhance future stress resilience. This adaptive process not only mit- 596 
igates cellular damage but may also strengthen the organism’s overall resistance to stress, 597 
facilitating improved inflammatory regulation and more efficient energy resource man- 598 
agement. 599 

When extrapolated this NAIs exposure monitoring data to the equivalent exposure 600 
times in humans, it may provide reasonable clues to suggest that the exposure to NAIs 601 
enrichment by aCAP-NR is a long-term approach to facilitate a remote pre-conditioning 602 
hormetic response for efficient metabolic energy production, antioxidant resilience and 603 
healthier hepatic detoxification state, without un-expected adverse effects making this ap- 604 
proach a safe active preventive action against cumulative metabolome manifestations as- 605 
sociated to oxidative stress during aging.  606 

Nevertheless, further studies are warranted to identify the activated transcriptome 607 
pathways to determine the appropriate causal relationships to the hormesis processes 608 
driving the metabolome findings in this mature adult mice model exposed to NAIs en- 609 
richment. 610 

 611 
 612 
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Supplementary Materials: The following supporting information can be downloaded at: 613 
www.mdpi.com/xxx/s1, Figure S1: KEGG pathway map of Glycolysis / Gluconeogenesis showing 614 
significantly altered metabolites after short-term exposure to NAIs in blood samples. Yellow nodes 615 
indicate upregulated metabolites, while blue nodes represent downregulated metabolites. Figure 616 
S2: KEGG pathway map of Glutathione metabolism showing significantly altered metabolites after 617 
short-term exposure to NAIs in liver samples. Yellow nodes indicate upregulated metabolites, while 618 
blue nodes represent downregulated metabolites. Figure S3: KEGG pathway map of Glutathione 619 
metabolism showing significantly altered metabolites after long-term exposure to NAIs in liver sam- 620 
ples. Yellow nodes indicate upregulated metabolites, while blue nodes represent downregulated 621 
metabolites. Table S1: Combined dataset of metabolite intensities from positive and negative meas- 622 
urements in liver samples, comparing exposure conditions against their respective controls. Data 623 
are normalized using internal standards and curated for missing values. Table S2: Combined dataset 624 
of metabolite intensities from positive and negative measurements in blood samples, comparing 625 
exposure conditions against their respective controls. Data are normalized using internal standards 626 
and curated for missing values. Table S3: Pathway enrichment analysis of metabolites in short-term 627 
exposure in liver samples from KEGG and SMPDB databases, described in terms of the number of 628 
detected metabolites (Hits) and statistical values, including the Raw p (unadjusted p-value) and 629 
FDR (False Discovery Rate). Table S4: Pathway enrichment analysis of metabolites in long-term ex- 630 
posure in liver samples from KEGG and SMPDB databases, described in terms of the number of 631 
detected metabolites (Hits) and statistical values, including the Raw p (unadjusted p-value) and 632 
FDR (False Discovery Rate). Table S5: Pathway enrichment analysis of metabolites in short-term 633 
exposure in blood samples from KEGG and SMPDB databases, described in terms of the number of 634 
detected metabolites (Hits) and statistical values, including the Raw p (unadjusted p-value) and 635 
FDR (False Discovery Rate). Table S6: Pathway enrichment analysis of metabolites in long-term ex- 636 
posure in blood samples from KEGG and SMPDB databases, described in terms of the number of 637 
detected metabolites (Hits) and statistical values, including the Raw p (unadjusted p-value) and 638 
FDR (False Discovery Rate). 639 
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