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Abstract

DNA methylation (5-mdC) and its oxidative derivatives reflect interactions between envi-
ronmental exposures and genome regulation, yet their short-term responsiveness to occu-
pational factors remains insufficiently characterized. This exploratory pilot study evaluated
whether a standard workweek is associated with measurable changes in urinary epigenetic
and oxidative DNA modification profiles across distinct occupational settings. A cohort
representing three exposure scenarios—cyanoacrylate-based cosmetic services, toluene di-
isocyanate (TDI) exposure, and polyurethane (PUR) foam processing—was examined using
a paired pre-/post-exposure design. Urinary levels of 5-methyl-2'-deoxycytidine (5-mdC),
5-hydroxymethylcytosine (5-hmCyt), 5-hydroxymethyl-2’-deoxycytidine (5-hmdC), 8-oxo-
7,8-dihydro-2’-deoxyguanosine (8-oxodG), 5-hydroxymethyl-2’-deoxyuridine (5-hmdU),
and 5-hydroxymethyluracil (5-hmUra) were quantified, and an epigenetic turnover ra-
tio (5-hmdC/5-mdC) was derived. Although none of the observed shifts achieved for-
mal statistical significance after False Discovery Rate (FDR) adjustment (p_FDR > 0.05),
exposure-specific, directionally consistent non-significant trends were noted across co-
horts. The isocyanate-exposed group demonstrated coordinated reductions in 5-mdC and
5-hmdC accompanied by an increase in 5-hmdU. The PUR-processing group exhibited the
most pronounced response, including a marked elevation in 5-hmdU and an increased
turnover ratio. In contrast, the beauty sector showed minimal median shifts but substantial
inter-individual variability. These preliminary findings suggest that urinary epigenetic
and oxidative DNA markers might reflect short-term, exposure-related biological trends,
warranting further evaluation.

Keywords: DNA methylation; 5-hydroxymethylcytosine; 8-oxodG; occupational exposure;
isocyanates; melamine; urinary biomarkers; epigenetics

1. Introduction

Maintaining the chemical and structural stability of deoxyribonucleic acid (DNA) is a
fundamental prerequisite for cellular homeostasis. Modern molecular biology perceives
the transition from physiological health to pathological states, including carcinogenesis,
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as a synergistic result of genetic mutations, epigenetic dysregulation, and oxidative dam-
age [1]. While genetic mutations alter the primary sequence of nitrogenous bases, epigenetic
modifications and oxidative lesions modify their chemical properties without changing
the template sequence, profoundly impacting gene expression regulation and chromo-
somal stability [2]. A cornerstone of this epigenetic regulation is the precise pattern of
cytosine methylation. The presence of 5-methyl-2’-deoxycytidine (5-mdC) in specific ge-
nomic regions, particularly CpG islands, is essential for embryonic development and tissue
differentiation [3,4]. This modification, catalyzed by DNA methyltransferases, including
DNMT1, DNMT3A, and DNMTB3B, affects chromatin structure and gene expression. Methy-
lation of promoter regions is typically associated with transcriptional repression, whereas
methylation of repetitive sequences contributes to maintaining genomic stability [5,6].

However, the epigenetic landscape is highly dynamic. The discovery of the Ten-
eleven translocation (TET) enzyme family has redefined DNA demethylation as an active,
regulated process where 5-mdC is oxidized to 5-hydroxymethyl-2’-deoxycytidine (5-hmdC),
often referred to as the “sixth base” of the genome [7-9]. Although 5-hmdC serves as a stable
epigenetic mark correlated with transcriptional activity and chromatin plasticity, its loss is
recognized as an early hallmark of genomic instability and malignant transformation [10,11].
In pathological contexts, such as cancer, global DNA hypomethylation and the reduction of
5-hmdC levels drive chromosomal instability and phenotypic plasticity, reflecting long-term
changes in epigenetic regulation rather than direct DNA damage [12,13].

Parallel to epigenetic signaling, environmental and occupational stressors often trigger
the overproduction of reactive oxygen species (ROS), including hydroxyl radicals (-OH)
and singlet oxygen (!O,). These species target nitrogenous bases, with guanine being
particularly susceptible due to its low ionization potential. The resulting lesion, 8-oxo-7,8-
dihydro-2’-deoxyguanosine (8-oxodG), is the gold standard for assessing chronic oxidative
stress [14]. Beyond guanine, oxidative attack on thymine or the enzymatic deamination of
5-hmdC leads to the formation of 5-hydroxymethyluracil (5-hmUra) and 5-hydroxymethyl-
2’-deoxyuridine (5-hmdU) [15,16]. These modified pyrimidines, although occurring less
frequently than purine lesions, can induce replication errors if not excised by specific
glycosylases of the base excision repair (BER) pathway, such as TDG or MBD4 [17,18].

While much research traditionally focuses on tissue-specific alterations, urine has
emerged as a superior, non-invasive matrix for longitudinal biomonitoring, particularly in
occupational settings [19]. The urinary excretion of modified nucleosides reflects the global
turnover of DNA damage and the real-time efficiency of the body’s repair systems [20].
Recent clinical breakthroughs have demonstrated that urinary signatures of 5-hmdC and
5-mdC provide a comprehensive view of the body’s epigenetic health, often with higher
sensitivity than plasma-based assays [21]. The clinical utility of these markers is under-
scored by their prognostic value in oncology, where elevated urinary 8-oxodG and 5-hmUra
may serve as diagnostic markers in colorectal and lung cancers [22-26]. Furthermore, these
markers are increasingly relevant in neurodegenerative research, where 8-oxodG accumu-
lation in both nuclear and mitochondrial DNA is linked to the pathogenesis of Alzheimer’s
and Parkinson’s diseases [27,28].

The accurate quantification of these markers requires sophisticated analytical method-
ologies. High-pressure liquid chromatography with electrochemical detection (HPLC-ECD)
remains a staple for 8-oxodG analysis due to its high selectivity [29]. However, liquid
chromatography-tandem mass spectrometry (LC-MS/MS and 2D UPLC-MS/MS) is now
considered the gold standard, allowing for the simultaneous measurement of epigenetic and
oxidative profiles with the use of stable isotope-labeled internal standards [30,31]. While
immunoenzymatically assays (ELISA) offer a cost-effective alternative, they frequently
overestimate concentrations due to antibody cross-reactivity, making chromatographic
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methods preferable for high-precision studies [32]. For genome-wide mapping, techniques
such as oxidative bisulfite sequencing (oxBS-seq) or the non-destructive TET-assisted
pyridine borane sequencing (TAPS) have replaced traditional bisulfite methods to accu-
rately distinguish between 5-mdC and 5-hmdC [33,34]. Furthermore, recent advancements
in third-generation technologies, such as nanopore sequencing, now enable the direct,
amplification-free detection of both 5-mdC and 5-hmdC on native DNA strands [35].

Occupational exposure to hazardous chemicals remains a major global health chal-
lenge. Estimates from the International Labour Organization (ILO) and the World Health
Organization (WHO) suggest that over 1 billion workers worldwide are exposed to haz-
ardous substances, leading to approximately 1 million deaths annually due to occupational
cancers and related pathologies [36]. In the European Union, data from EU-OSHA indicate
that approximately 17% of employees report handling chemical products or substances for
at least a quarter of their working time [37]. These figures underscore the urgent need for
sensitive, non-invasive “early-warning” biomarkers that can detect biological strain long
before clinical symptoms manifest.

In light of these challenges, this study aims to evaluate the dynamic changes in
urinary epigenetic markers (5-mdC, 5-hmCyt, 5-hmdC) and oxidative damage products
(8-ox0dG, 5-hmdU, 5-hmUra) in workers across three distinct sectors. By comparing
baseline levels (pre-exposure) with post-exposure samples after a standard workweek, we
seek to determine whether these urinary molecular signatures can serve as early-warning
biomarkers of occupational genotoxic stress, potentially identifying high-risk individuals
long before the onset of clinical pathology.

2. Results
2.1. Quantitative Analysis of Urinary DNA Modifications Across Occupational Groups

The analysis of urinary biomarkers revealed distinct molecular trajectories across the
studied cohorts (Figure 1).

Group 2 (Isocyanates) manifested the most distinct epigenetic alterations. A substantial
reduction in both the median levels and the interquartile range (IQR) of 5-mdC and 5-
hmdC was recorded between the pre- (before) and post-exposure (after) phases, indicating
a systemic depletion of DNA methylation markers.

Conversely, the Beauty sector (Group 1) was characterized by inter-individual het-
erogeneity, particularly regarding baseline 5-hmCyt levels (before), which exhibited a
markedly broader distribution compared to other cohorts. Following the workweek, a nar-
rowing of this distribution and a minor median decrease were observed. In contrast, Group
3 (Foam cutting) demonstrated an opposite trend for 5-hmCyt, with a median upward shift
recorded between pre- and post-exposure.

While 8-oxodG levels remained relatively stable across the cohorts, pyrimidine-derived
oxidative markers demonstrated high sensitivity to specific industrial stressors.

An elevation in 5-hmdU was recorded in Group 3 (Foam cutting), where both the
median and IQR for post-exposure samples shifted markedly higher compared to baseline.
A parallel, though less pronounced, upward trend in 5-hmdU was observed in Group 2.

Furthermore, 5-hmUra levels increased uniformly in the foam-cutting cohort. In
the beauty sector (Group 1), 5-hmUra concentrations remained elevated throughout the
workweek, though a slight reduction in variance was noted by the Friday measurement.
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Figure 1. Dynamics of urinary epigenetic and oxidative DNA modifications across three studied
groups. Panels represent: 5-mdC (5-methyl-2’-deoxycytidine), 5-hmCyt (5-hydroxymethylcytosine),
5-hmdC (5-hydroxymethyl-2/-deoxycytidine), 8-oxodG (8-oxo-7,8-dihydro-2'-deoxyguanosine), 5>-hmdU
(5-hydroxymethyl-2/-deoxyuridine), and 5-hmUra (5-hydroxymethyluracil). X-axis labels: 1—Beauty
sector (lash stylists), 2—Isocyanates exposure, 3—Polyurethane foam processing (melamine/dust).
Boxes represent the interquartile range (IQR) with the median indicated by the central line; whiskers
represent the range of the data.

2.2. Workweek-Induced Shifts

The calculation of median percentage change (%A) confirmed highly sector-specific
molecular trajectories (Table 1).

Table 1. Median percentage change (%A) in urinary DNA modifications following a standard workweek.

Group 1 Group 2 Group 3
Marker (BeauI:y) (Isoc;)anates) (PURI;’rocessing)
5-mdC +0.7% —17.2% +3.75%
5-hmCyt —23.2% —22.8% +108.7%
5-hmdC +8.5% —29.1% +14.1%
8-oxodG +4.9% —9.1% —14.9%
5-hmdU +13.9% +103.3% +221.5%
5-hmUra —21.8% +11.5% +46.84%

In Group 1 (Lash Stylists/Beauty), the median shifts for the primary epigenetic mark-
ers were minor, as exemplified by a negligible increase in 5-mdC (+0.7%). However, this
cohort was characterized by high inter-individual variance. While the median remained sta-
ble, specific hyper-responders within the group demonstrated extreme deviations from the
baseline. Concurrently, a noticeable decrease was observed in median 5-hmCyt (—23.2%)
and 5-hmUra (—21.8%) levels.
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Group 2 (Isocyanates exposure) demonstrated a synchronized depletion of key epi-
genetic marks. Median levels of 5-mdC and 5-hmdC decreased by 17.2% and 29.1%,
respectively, alongside a reduction in 5-hmCyt (—22.8%). In contrast to the decline in
epigenetic markers, a profound oxidative shift was observed in this cohort, evidenced by a
103.3% median increase in urinary 5-hmdU.

Group 3 (Polyurethane/PUR processing) exhibited a trend toward a more pronounced
biological response across the study. The cohort was characterized by a 221.5% median
increase in urinary 5-hmdU, reflecting an upward trend observed across the group. An
apparent accumulation was also recorded for markers of epigenetic turnover and active
demethylation, with 5-hmCyt increasing by 108.7% and 5-hmdC by 14.1%. Conversely,
the median level of 5-mdC showed only a mild increase (+3.75%), while 8-oxodG levels
decreased by 14.9%.

2.3. Analysis of the Epigenetic Turnover Ratio

To evaluate the systemic efficiency of the DNA demethylation machinery, we calcu-
lated the Epigenetic Turnover Ratio, defined as the molar ratio of 5-hmdC to 5-mdC (Ratio
= [5-hmdC]/[5-mdC] x 10~3). Because 5-hmdC is the direct oxidation product of 5-mdC
via the TET enzyme family, we hypothesized that the relative proportion of these two
circulating metabolites could serve as a preliminary index of whole-body oxidation flux.

We explicitly acknowledge, however, that this specific equation is proposed de novo in
this exploratory study and currently lacks experimental validation. While conceptualized
as a theoretical proxy for TET pathway activity, urinary excretion profiles represent a
pooled, systemic clearance of nucleosides and do not perfectly reflect localized, tissue-
specific intracellular genomic modifications. Therefore, this ratio must be treated strictly as
a hypothetical, non-invasive surrogate marker of global biological turnover rather than a
validated, direct measurement of cellular demethylation efficiency. The temporal dynamics
of this ratio across the workweek are summarized in Table 2.

Table 2. Workweek-induced changes in the Epigenetic Turnover Ratio.

Pre-Exposure Post-Exposure

Study Group (Median) (Median) A Ratio (%) Observed Trends
Group 1 (Beauty) 0.92 0.98 +6.5% Homeostatic Stability
Group 2 (Isocyanates) 0.43 0.36 —16.3% TET Pathway Inhibition
Group 3 (PUR processing) 0.12 0.28 +133.3% Metabolic Hyper-activation

Differential Modulation of the TET-Mediated Pathway

The ratio analysis revealed divergent molecular strategies adopted by the genome in
response to different industrial stressors.

Group 2 (Isocyanates) exhibited a synchronized reduction in both the global methyl
pool and the turnover ratio (—16.3%). This pattern indicates that isocyanate exposure leads
to a stagnant epigenetic landscape, likely caused by the simultaneous depletion of 5-mdC
and the enzymatic inhibition of TET-mediated oxidation. Such a state may reflect a com-
promised capacity for epigenetic reprogramming and maintenance of genomic plasticity.

In contrast, Group 3 (Foam processing) was characterized by a profound 133.3%
increase in the turnover ratio. The rise in 5-hmdC relative to 5-mdC suggests activation of
the DNA demethylation pathway. This hyper-turnover state suggests that the combination
of polymer dust and melamine triggers a systemic stress response, where the genome
undergoes rapid enzymatic oxidation as a potential compensatory or repair mechanism
against particulate-induced genotoxicity.
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In Group 1 (Beauty sector), the ratio remained remarkably stable (+6.5%), suggesting
that despite individual variations in absolute biomarker levels, the global equilibrium
between DNA methylation and demethylation remains functionally preserved within this
occupational microenvironment.

A comprehensive summary of descriptive statistics, Wilcoxon paired sequence test
results, and effect size indicators for each occupational exposure group is provided in
Table 3. Correction for multiple testing using the Benjamini-Hochberg (FDR) procedure
indicated that none of the analyzed changes before and after exposure reached formal
statistical significance across the entire analysis (p_FDR > 0.05). However, analyses of
standardized effect-size indicators (r) and median changes revealed distinct biological
profiles between this group and others with different exposure patterns.

Table 3. Statistical significance (p-values) of urinary DNA modification changes during a standard
workweek (Wilcoxon matched-pairs signed-rank test), effect size and False Discovery Rate.

Wilcoxon Paired Order Test

Effect Size *

FDR

Correction **

Groups Parameters . . ‘e s
Blz/if)‘ri;a*r;* X:te;l:g‘ Stat}lf tics StatlZs tics v a’;ue N Hs r Interpretation Rank p_FDR

5mdC 0.51(0.43-0.59) 0.52(0.33-0.97) 37 0.16 0.875 12 0.045 No effect 6 0.969
S5hmCyt 1.7 (1.31-4.92) 1.3 (1.09-2.07) 14 1.38 0.169 10 0.435 Medium 2 0.969
Group 1 S5hmdC 0.47 (0.41-0.59) 0.51(0.31-0.7) 39 0.04 0.969 12 0.011 No effect 7 0.969
(Beauty) 8ocodG 0.66 (0.59-0.86) 0.69 (0.46-0.89) 35 0.73 0.463 13 0.204 Small 3 0.969
S5hmdU 0.9 (0.62-5.94) 1.02 (0.35-2.19) 26 0.62 0.534 11 0.188 Small 4 0.969
5hmUra 9.02 (6.85-11.53) 7.06 (6.7-11.82) 39 0.45 0.650 13 0.126 Small 5 0.969
5mdC 2.21(2.16-2.29) 1.83 (1.82-1.88) 0 1.83 0.068 4 0.913 Very large 1 0.342
S5hmCyt 1.77 (1.12-2.05) 1.37(1.12-1.83) 0.37 0.715 4 0.183 Small 6 0.715
Group 2 5hmdC 0.95 (0.89-1.16) 0.67 (0.60-0.72) 2 1.10 0.273 4 0.548 Large 2 0.342
(Isocyanates) 8ocodG 0.91 (0.58-1.4) 0.83 (0.68-1.26) 2 1.10 0.273 4 0.548 Large 3 0.342
S5hmdU 0.715 (0.705-0.91) 1.46 (0.56-2.62) 1 1.07 0.285 4 0.535 Large 5 0.342
5hmUra 3.92(3.73-4.08) 4.37 (3.24-5.83) 2 1.10 0.273 4 0.548 Large 4 0.342

5mdC 1.015(0.82-1.31) 1.05 (0.93-1.08) 5 0 1.000 4 0 No effect 6 1.0
Croup 3 S5hmCyt 0.87(0.82-1.12) 1.815 (1.63-1.84) 1 1.46 0.144 4 0.730 Very large 2 0.216
(PUPI; 5hmdC 0.21 (0.1-0.36) 0.24 (0.18-0.33) 4 0.37 0.715 4 0.183 Small 5 0.856
processing) 8ocodG 0.80(0.71-1.0) 0.68 (0.64-0.83) 1 1.46 0.144 4 0.730 Very large 3 0.216
5hmdU 1.07 (0.78-1.43) 3.43(2.46-4.43) 1 1.46 0.144 4 0.730 Very large 4 0.216
5hmUra 3.43(2.77-4.0) 5.04 (4.21-5.43) 0 1.83 0.068 4 0.913 Very large 1 0.216

* The magnitude of the effect was estimated using Rosenthal’s r-factor, and the obtained values were interpreted
according to the classical thresholds proposed by Cohen (0.1—weak effect; 0.3—moderate effect; 0.5—strong
effect). ** FDR CORRECTION (Benjamini-Hochberg). *** Median (25-75%). **** N reflects the number of complete
pre-post pairs available for each marker after exclusion of samples with not detected values in either time point;
incomplete pairs were not included in the Wilcoxon signed-rank test.

In Group 1 (Beauty, n = 10-13), exposure did not result in rapid shifts in the genetic
profile. Most markers (5mdC, 5ShmdC, 8ocodG, 5ShmdU, 5ShmUra) exhibited no effect or
only a small effect size estimates (r range: 0.011-0.204). A moderate effect size was observed
for 5ShmCyt (median before = 1.70; median after = 1.30; T = 14; p = 0.169; r = 0.435); however,
this result was not statistically significant.

In Group 2 (Isocyanates, n = 4), changes in the dynamics of biological responses
were observed. The DNA methylation marker 5mdC exhibited a consistent downward
trend, with the median decreasing from 2.21 before exposure to 1.83 after exposure. This
corresponded to the lowest attainable p-value for this sample size (T = 0; p = 0.068) and
therefore did not reach statistical significance. A very large effect size was estimated
(r = 0.913); however, this should be interpreted with caution due to the extremely small
sample size and the risk of effect size inflation. Other markers yielded moderate to large
effect size estimates (r = 0.535-0.548), but none were statistically significant.

A similar pattern was observed in Group 3 (PUR processing, n = 4), with repeated
increases in the studied biomarkers. For 5hmUra, the median increased from 3.43 to 5.04
(T =0; p = 0.068), corresponding to a large effect size (r = 0.913), which should again be
interpreted cautiously given the small sample size. Additional markers, including 5hmCiyt,
8ocodG, and 5hmdU, showed moderate to large effect size estimates (r = 0.730; p = 0.144;
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T = 1), but these findings were not statistically significant. No effect was observed for 5mdC
(r=0).

Overall, due to the small sample sizes and resulting limited statistical power, none
of the analyzed effects reached statistical significance after FDR correction. The observed
effect sizes and directional changes should therefore be interpreted cautiously, as pre-
liminary indications of possible biological responses rather than confirmatory evidence.
These findings highlight the need for further investigation in larger groups to verify the
observed patterns.

Analysis of factor weights indicated that the first principal component (PC1) differ-
entiated strongly between body size measures and changes in epigenetic markers. High
positive loadings were observed for 5ShmdC A (0.405) and 5mdC A (0.391), whereas negative
loadings were associated with weight (—0.385), BMI (—0.310), and height (—0.302).

The second principal component (PC2) reflected the influence of age and lifestyle
factors on oxidative modifications. PC2 showed the highest positive loadings for age
(0.516), 5ShimdU (0.386), ShmUra (0.381) and smoking (0.334). Given the exploratory na-
ture of this PCA—necessitated by the high variable-to-sample ratio and the inclusion of
binary variables—the PC1 versus PC2 graph (Figure 2) suggested a potential, preliminary
clustering among the three patient groups (n = 13, n = 5, n = 4) rather than a definitive
separation. Furthermore, because Group 3 is characterized by an older demographic and a
higher prevalence of smokers, the variations in uracil derivatives (5-hmdU and 5-hmUra)
loading on PC2 must be interpreted with caution. These specific modifications may be
confounded by age and tobacco use, and therefore cannot be definitively attributed solely to
occupational polyurethane (PUR) exposure. The PC1 versus PC2 graph (Figure 2) suggests
only a preliminary clustering pattern rather than definitive group separation.

PCA

0.75

Group 2

T T T T T T T T
6.0 45 -3.0 -15 1.5 30 45 6.0

Component 2

0754 Group 1

-3.00-

Component 1

Figure 2. Principal Component Analysis (PCA) plot shows the distribution of samples along the
first two principal components. The plot illustrates the separation/clustering of groups based on the
analyzed variables.

Groups 1 and 2 were almost completely separated along the horizontal axis (PC1).
Group 1, defined by positive PC1 values, included participants with lower weight and BMI,
and showed a larger increase in 5mdC A and 5hmdC A after exposure. Group 2, in the
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negative PC1 region, consisted of participants with higher weight and BMI and exhibited a
smaller increase in 5mdC and 5hmdC after exposure.

Although some separation between groups was visually apparent, this pattern must
be interpreted with caution. Group 3, consisting of four individuals, was characterized by
higher age and a greater prevalence of smoking, both of which were strongly associated
with PC2 loadings. Therefore, the observed variation in uracil derivatives (5hmdU and
5hmUra) may be confounded by these factors and cannot be attributed solely to occupa-
tional exposure. Importantly, as this Principal Component Analysis was performed using
only 21 observations while incorporating numerous clinical and biochemical variables,
it is highly susceptible to overfitting. The apparent separation between groups must be
interpreted with extreme caution, as it may largely reflect the very small sample size rather
than true biological clustering. Validation in an independent dataset is necessary before
assigning definitive biological significance to these clusters.

3. Discussion

The transition from physiological homeostasis to pathological states is a complex,
multi-stage process driven by the synergistic interplay of genetic mutations, epigenetic
dysregulation, and oxidative damage [1]; study suggests that even a standard workweek
in high-exposure industrial sectors may be associated with a measurable shift in the
urinary DNA modification landscape. These findings identify 5-hmdUand the epigenetic
turnover ratio as potential candidate indicators of genotoxic strain, which warrant further
comparative studies against the traditional “gold standard” marker, 8-oxodG.

3.1. Pyrimidine Instability and Particulate Matter

The most striking finding of this study is the 221.5% surge in urinary 5-hmdU among
workers in the foam processing sector (Group 3). While these workers are exposed to
polymer dust and melamine-related compounds, this observation must be interpreted with
strict caution given the small sample size and exploratory design of our study. Specifically,
because individuals in Group 3 are older and include a higher proportion of smokers,
demographic and lifestyle factors act as major confounders. While 8-oxodG has long been
utilized to monitor purine oxidation [14], the altered pyrimidine oxidation profile observed
in this cohort cannot be definitively attributed to occupational hazards. Further large-scale
studies are necessary to disentangle the potential effects of particulate matter exposure
from those driven by age and smoking habits.

Inhalation of fine polymer dust is known to trigger an “oxidative burst” in alveolar
macrophages and neutrophils, releasing large quantities of reactive oxygen species (ROS).
These ROS target nitrogenous bases; however, the accumulation of 5-hmdU, a product
of thymine oxidation or 5-hmdC deamination, presents an interesting observation. It
might be speculated that this accumulation is linked to a localized saturation of the Base
Excision Repair (BER). However, without measuring systemic expression levels or the
enzymatic velocity of key glycosylases such as SMUG1 or TDG, this concept must be
treated purely as an unverified mechanistical hypothesis. Theoretically, if these repair
enzymes are unable to keep pace with the rate of lesion formation, an excess of these
mutagenic uracil derivatives would be excreted in urine, reflecting a global “turnover” of
DNA damage [18,20]. The high directional consistency of this observation (100% of Group
3) suggests 5-hmdU may serve as a potential, sector-specific biomarker for individuals
handling melamine-modified polymers.
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3.2. Epigenetic Stagnation and Altered Dynamics in the TET Pathway

This pilot study raises the possibility that various industrial stressors could interact
with the epigenetic machinery via divergent mechanisms, as suggested by variations in the
Epigenetic Turnover Ratio (5-hmdC/5-mdC).

3.2.1. Isocyanates and the Shutdown of Genomic Plasticity

Workers exposed to isocyanates exhibited a synchronized depletion of 5-mdC (—17.2%)
and 5-hmdC (—29.1%). This pattern, coupled with a 16.3% drop in the turnover ratio,
indicates a state of epigenetic stagnation. Isocyanates are highly reactive electrophiles
(R-N=C=0) that can directly interact with the thiol groups (-SH) of essential enzymes.

We hypothesize that isocyanate exposure might lead to the direct inhibition of both
DNA DNMTs) and the TET family. Because no experiments evaluating DNMT or TET
activity were performed, these mechanistic explanations are presented strictly as hypothe-
ses. The reduction in 5-mdC suggests a compromised ability to maintain the primary
methylation sequence [5], while the drop in the turnover ratio indicates a blockade of the
active demethylation flux [9]. Such stagnation could reduce the cell’s capacity for epigenetic
reprogramming, a prerequisite for maintaining chromosomal stability and responding to
environmental stress [38]. This hypothesized “shutdown” of the epigenetic landscape
could theoretically serve as an early indicator of genomic instability, a concept that merits
longitudinal investigation [39].

3.2.2. Particulate Matter and Epigenetic Turnover

In contrast, the foam processing group manifested a 133.3% increase in the turnover
ratio and a 108.7% increase in 5-hmCyt. This reflects a state of “metabolic hyper-activation.”
The sharp rise in 5-hmdC relative to 5-mdC suggests that the genome is undergoing rapid,
TET-mediated epigenetic remodeling as an adaptive response to particulate-induced inflam-
mation. Given that 5-hmdC is essential for gene expression regulation in transcriptionally
active regions [10], this hyper-turnover may represent a systemic attempt to activate stress-
response genes and repair pathways.

3.3. Individual Susceptibility and Biomarker Variability

The Beauty sector (Group 1) presented a unique challenge in data interpretation due to
extreme inter-individual heterogeneity. While median shifts were negligible, the presence
of specific “hyper-responders” highlights the role of individual susceptibility. Lash stylists
are exposed to formaldehyde and methyl methacrylate (MMA), both recognized as potent
epigenetic disruptors [40].

Formaldehyde can induce DNA-protein crosslinks, which physically obstruct the
movement of DNMTs and TET enzymes along the chromatin [11]. The high variance in
biomarker levels within this group likely reflects differences in workstation ventilation,
personal protective equipment usage, and genetic polymorphisms in antioxidant enzymes.
Our findings suggest that for the beauty industry, longitudinal monitoring must focus on
individual delta shifts rather than cohort-level averages to effectively identify workers at
risk of clinical pathology.

3.4. Clinical Translation and International Context

The global scale of occupational chemical exposure, affecting over 1 billion workers
(ILO/WHO data), requires biomonitoring tools that are both sensitive and non-invasive.
Urine has emerged as a superior matrix for this purpose, reflecting the real-time efficiency
of systemic repair systems [20].
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Our results demonstrate that urinary signatures of 5-hmdC and 5-mdC provide a
comprehensive view of epigenetic health. Furthermore because research shows that global
hypomethylation and the loss of 5-hmdC may be hallmarks of carcinogenesis [7,8,39],
the detection of these shifts within a single workweek might underscore the urgency of
re-evaluating occupational safety limits. The “uracil explosion” in Group 3 specifically
identifies 5-hmdU as an exploratory marker for sectors handling melamine-modified
polymers, where traditional 8-oxodG monitoring may fail to capture the full extent of
genotoxic strain. However, the authors recognize that, as this is a pilot study, these
conclusions require validation in larger, independent cohorts with long-term follow-up.

3.5. Diagnostic and Clinical Significance of Molecular Markers

To provide a broader biological context, the epigenetic and oxidative DNA modifica-
tions evaluated in this study are widely recognized for their roles in long-term genomic
stability and chronic disease pathogenesis. Table 4 summarizes the current state of the
literature regarding these biomarkers in oncology and neurodegenerative research. Impor-
tantly, it must be emphasized that the short-term urinary fluctuations observed over a 5-day
workweek in this pilot study represent acute, transient biological responses. These temporal
shifts cannot be directly extrapolated to chronic disease risks, nor do they imply long-term
diagnostic or prognostic outcomes. Table 4 is provided strictly as a conceptual overview of
the pathways and clinical contexts these markers generally reflect in the broader literature,
completely decoupled from the acute occupational exposures analyzed here.

Clinical Translation: From Occupational Stress to Early Detection

The urinary excretion of modified nucleosides reflects the global turnover of DNA
damage and the real-time efficiency of systemic repair mechanisms [20]. Recent break-
throughs have demonstrated that urinary signatures of 5-hmdC and 5-mdC provide a
comprehensive view of epigenetic health with higher sensitivity than plasma-based as-
says [21].

Our study bridges the gap between occupational health and molecular oncology by
suggesting that these critical signatures shift within a single standard workweek. Specifi-
cally, the observed increase in 5-hmdU and the loss of epigenetic turnover efficiency (ratio
decrease) identified in industrial cohorts may represent early indicators of genotoxic strain.
Pending future validation in adequately powered studies, monitoring these “sixth bases”
of the genome could eventually aid in the identification of individuals at risk and the
implementation of protective measures prior to the transition to clinical pathology [41,42].

Table 4. Summary of Molecular Biomarkers in Clinical Diagnostics and Research.

Marker Clinical Application Diagnostic/Prognostic Significance Key References
Tracks chemotherapy response; levels in urine
5-mdC Pediatric ALL significantly higher at diagnosis, normalizing [31]
post-treatment.
5-mdC Colorectal & Breast Glob.al hypqmethylatlon asa marker of genomic [43,44]
Cancer instability and poor survival outcomes.
High diagnostic accuracy in liquid biopsy
5-hmdC Colorectal Cancer (AUC = 0.95); markers track demethylation during [42,45]

(CRC) tumor development.

Complete loss in 100% of metastatic cases; critical for

5-hmCyt (5-hmC) Malignant Melanoma differentiating benign nevi from malignant cells. (1]
5-hmC Prostate Cancer Predicts resistance to ADT therapy; associated with [46,47]
(mCRPC) gene body profiling of AR, PTEN, and RB1. !
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Table 4. Cont.
Marker Clinical Application Diagnostic/Prognostic Significance Key References
5-hmC Non-Small Cell Lung Superior prognostic value for overall survival (OS) [41]
Cancer compared to traditional TNM staging.
Papillary Thyroid Marker of aggressive phenotype and predictor of
5-hmC . [48]
Cancer lymph node metastasis.
Marker of oxidative DNA damage and active
5-hmdU/5-hmUra Colorectal Cancer demethylation; elevated urinary levels in patients [18,23]
with CRC compared with healthy individuals.
8-0x0dC Solid Tumors Strong correlation with short overall survival; [49]
(Meta-analysis) established biomarker of systemic oxidative load.
8-0x0dG Breast Cancer Risk Elevated levels in p?rlpheral blood leukocyte DNA [50]
serve as a risk assessment marker.
8-0x0dG Neurodegeneration Accumulation in mitochondrial and nuclear DNA; [27,28]
(AD/PD) linked to alpha-synuclein aggregation in Parkinson’s. !
DNA Methylation Bladder Cancer Non-invasive diagnosis using urine sediment; focuses [51,5]

on promoter hypermethylation of suppressor genes.

4. Materials and Methods
4.1. Samples Collection

This study was designed as a prospective, repeated-measures pilot investigation
conducted over a single five-day working week to evaluate acute epigenetic responses to
occupational chemical exposures. Urine samples were collected at two standardized time
points: immediately before the onset of occupational exposure (pre-exposure baseline) and
directly following the completion of the working week (post-exposure).

Three occupational cohorts with well-defined and distinct chemical exposure profiles
were recruited for biomonitoring: Group 1 comprised professionals from the beauty and
cosmetics sector (n = 13 individuals); Group 2 consisted of workers with documented
isocyanate exposure (n = 5 individuals); and Group 3 included personnel engaged in
precision foam-cutting operations (n = 4 individuals).

In Group 2 (Isocyanates), biological samples were initially collected from 5 participants
at both pre- and post-exposure time points. However, for one participant, post-exposure
marker concentrations were not detected and could not be quantified; consequently, this
pair was excluded from the paired Wilcoxon signed-rank test for the affected markers,
yielding N = 4 complete pairs used in the statistical analysis (Table 3). Marker-specific
sample sizes reported in Table 3 (e.g., n = 10-13 for Group 1) reflect analogous exclusions
of incomplete pairs due to non-detectable values. Consequently, a total of 43 biological
samples were tested.

The limited cohort size reflects the highly specialized nature of the targeted expo-
sure profiles and the exploratory scope of the study; statistical analyses were therefore
performed using non-parametric methods appropriate for small sample sizes, including
paired analyses for repeated measures. Participants were classified based solely on their
occupational assignment. Actual exposure levels to isocyanates, melamine, polymer dust,
or other chemicals were not directly quantified via environmental or biological exposure
measurements. Additionally, no specific dietary restrictions were implemented prior to
urine collection.

First-morning midstream urine specimens were self-collected by participants into
sterile polypropylene containers. To minimize oxidative degradation of target analytes,
particularly 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxodG), which is susceptible to ex
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vivo artifactual oxidation, samples were immediately shielded from light, placed on ice,
and transported to the laboratory within two hours of collection at 4-5 °C. All specimens
were aliquoted and stored at —80 °C until downstream epigenetic analysis.

Because of the longitudinal, self-controlled nature of the study design, where each
participant served as their own internal baseline reference, the statistical and analytical
focus was directed toward intra-individual biomarker kinetics rather than inter-group
sample maximization.

4.2. Determination of Epigenetic Modifications and 8-oxodG Levels in Urine

Two-dimensional ultra-performance liquid chromatography with tandem mass spec-
trometry (2D UPLC-MS/MS) was used for the epigenetic modification analysis of the
urine samples (except 5-hmUra). The urine samples were spiked with a mixture of in-
ternal standards at a 4:1 volumetric ratio. The 2D UPLC-MS/MS system consists of a
gradient pump and autosampler for one-dimensional chromatography, and a gradient
pump and tandem quadrupole mass spectrometer with a UNISPRAY ion source were
used for two-dimensional chromatography. Both systems were coupled with a column
manager equipped with two programmable column heaters and two 2-position 6-port
switching valves. The at-column dilution technique was used between the first and second
dimensions to improve retention in the trap/transfer column. The sample molecules were
then adsorbed to the packing material as very narrow bands that could be eluted with
well-resolved, small-volume peaks. A diluting stream of water (0.5 mL/min) was pumped
with a Waters 515 isocratic pump and mixed with the first-dimensional column effluent
via a UPLC low-dead-volume tee valve. The following columns were used: a CORTECS
UPLC T3 column (1.6 um, 3 mm X 150 mm) with a CORTECS T3 VanGuard precolumn
(1.6 um, 2.1 mm x 5 mm) for the first dimension, a Waters ACQUITY UPLC CSH C18
column (1.7 um, 2.1 mm x 100 mm) for the second dimension, and a Waters XSelect CSH
C18 column (3.5 pm, 3 mm x 20 mm) as the trap/transfer column (all columns supplied
by Waters Corporation, Milford, MA, USA). The chromatographic system was operated in
heart-cutting mode, which means that selected portions of effluent from the first dimension
were loaded onto the trap/transfer column by 6-port valve switching, which served as an
“injector” for the second dimension of the chromatography system. Mass spectrometric
detection was conducted with a Waters Xevo TQ-S tandem quadrupole mass spectrometer
equipped with a UniSpray ionization source (Waters Corporation, Milford, MA, USA). The
following common detection parameters were used: source temperature, 150 °C; nitrogen
desolvation gas flow, 1000 L/h; nitrogen cone gas flow, 150 L/h; desolvation temperature,
500 °C; and nebulizer gas pressure, 7 bar. Collision-induced dissociation was obtained with
argon (6.0 at 3 x 107° bar pressure) as the collision gas. The instrument response to all
the compounds was optimized by the infusion of 10 pM genuine compounds dissolved
in water (10 pL/minute) in the mobile phase A stream via the mass spectrometer fluidics
system operating in the “mixed” mode via the MassLynx 4.1 software IntelliStart feature.

The quantitative and qualitative transition patterns and the specific settings of the
detector are summarized in Table S1 (Supplementary Materials). Among the analyzed
compounds by 2D UPLC-MS/MS, only 5-(hydroxymethyl)-2’-deoxyuridine was quantified
in negative ionization mode (UniSpray) in a separate, independent analysis. The chro-
matographic system was operated with MassLynx 4.1 software from Waters. Quantitative
analyses were performed via the TargetLynx application. All samples were analyzed with
three to six technical replicates. Because 5-hmUra levels fell below the limit of quantification
on the 2D UPLC-MS/MS platform, this analyte was quantified using high-performance
liquid chromatography for pre-purification followed by gas chromatography with isotope
dilution mass spectrometry (LC/GC-MS), a fully validated workflow previously described
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by Rozalski et al. [23]. The use of stable isotope internal standard in this GC-MS workflow
inherently and precisely corrects for analyte recovery and matrix effects. Importantly, be-
cause all paired pre- and post-exposure analyses for 5-hmUra were performed exclusively
within this internally consistent LC/GC-MS dataset, no cross-platform analytical bias was
introduced into the statistical evaluations.

Urinary creatinine was used to correct the analyzed compounds in urine for variability
in urine dilution.

4.3. Statistical Analysis

Descriptive statistics for variables with non-normal distributions are presented as
medians and interquartile ranges (IQR; 25th-75th percentiles). The normality of data
distributions was assessed through visual inspection of probability plots and verified using
the Shapiro-Wilk test. Given the non-normal distribution of the genetic marker data,
non-parametric methods were employed for all subsequent inferential analyses.

To evaluate changes in genetic markers within the same individuals across two time
points (pre- and post-occupational exposure), the non-parametric Wilcoxon signed-rank test
was utilized, with the sum of ranks (T) serving as the primary test statistic. For groups with
high exposure levels characterized by small sample sizes (Isocyanates and PUR processing;
N = 4), the Wilcoxon test encounters a formal mathematical limitation that prevents the
calculation of a two-tailed raw p-value below 0.068. Since this threshold precludes the
conventional rejection of the null hypothesis at o« = 0.05, statistical inference for these
cohorts focused on standardized effect sizes. The effect coefficient (r) was calculated by
dividing the absolute value of the standardized Z-statistic by the square root of the number
of studied pairs. These r values were interpreted according to Cohen’s criteria, where
r < 0.10 indicates a negligible effect 0.10 < r < 0.30 a small effect, 0.30 < r < 0.50 a medium
effect, 0.50 < r < 0.70 a large effect, and r > 0.70 a very large effect.

To mitigate the risk of Type I errors arising from multiple hypothesis testing, raw
p-values were adjusted using the Benjamini-Hochberg procedure to control the False
Discovery Rate (FDR). Adjustments were applied independently within each of the three
occupational cohorts (Beauty, Isocyanates, and PUR processing), as each represented a
distinct chemical exposure profile. The analytical focus remained on intra-group marker
alterations rather than direct inter-group comparisons.

Principal Component Analysis (PCA) was performed to reduce data dimensionality
and visualize biological variation. The first two principal components (PC1 and PC2) were
retained based on the screen plot criterion (broken-stick model), which confirmed that
both components captured genuine, non-random biological variance, while subsequent
components primarily represented stochastic noise. PC1 and PC2 accounted for 25.52% and
16.04% of the total variance, respectively, cumulatively explaining 41.56% of the dataset’s
variance. PCA as a complementary method to statistical analysis.

Principal Components Analysis (PCA) was conducted to systematically assess the
effects of exposure and identify similarities among patients. A correlation matrix (Cor-
relation PCA) was applied to standardize the data and remove the influence of varying
measurement units. To reduce individual background effects and emphasize biological
changes, changes (A) for each of the seven health measures were calculated using the
following formula:

A = Value AFTER — Value BEFORE

Continuous and binary variables from the biomedical survey were included. These
comprised age, height, weight, BMI, cigarette smoking status, Euthyrox intake, vitamin
C supplementation, and selected family burdens (diabetes, thyroid disease, cancer). The
data matrix contained 21 observations (patients) and 17 variables. Component significance
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was evaluated using a scree plot and compared with the broken-stick model. Group
structure was visualized as a scatter plot of objects with convex hulls. All calculations were
performed in PAST software (version 4.16).

All statistical procedures and visualizations were conducted using Statistica software
(version 13). Except where mathematically constrained by sample size, the threshold for
statistical significance was set at p < 0.05.

5. Conclusions

This study reveals rapid shifts in the urinary DNA modification landscape among dif-
ferent occupational groups within a single standard workweek. These exploratory findings
suggest two distinct molecular signatures of genotoxic strain, specifically oxidative pyrim-
idine instability and epigenetic stagnation. While the apparent accumulation of urinary
5-hmdU identified in the foam-cutting sector is a notable finding, its direct attribution to
particulate exposure remains inconclusive due to the concurrent confounding effects of age
and smoking in this cohort. Conversely, the synchronized depletion of 5-mdC and 5-hmdC
in the isocyanate sector might indicate a disruption of genomic methylation maintenance.
The trends observed in these epigenetic and oxidative markers, precisely quantified via
2D UPLC-MS/MS, point toward their potential utility as non-invasive early indicators.
Subject to further validation in larger, well-matched cohorts to account for demographic
and lifestyle factors, these molecular signatures might eventually provide a window for
early monitoring of systemic biological strain prior to the onset of clinical pathology. In-
corporating the evaluation of these “sixth bases” of the genome into occupational health
research could eventually contribute to the precision of risk assessment and long-term
disease prevention strategies.

Limitation of the Study

Several aspects of this exploratory study design should be contextualized. First, the
specialized industrial cohorts (Groups 2 and 3) were framed as highly targeted, screening-
level sub-groups. This focused approach was strictly dictated by the exceptional special-
ization and narrow accessibility of these distinct occupational sectors. This resulted in an
extremely small sample size that substantially limits statistical power and the reliability of
broad conclusions.

Second, as is common in field-based biomonitoring, urinary biomarker concentrations
can be subject to variability from factors such as hydration status, renal function, diet, circa-
dian rhythms, and medications. While creatinine normalization was applied to mitigate
these effects, the potential influence of such variables cannot be entirely ruled out.

Third, the exposure matrices in this study were defined nominally by employment
sector rather than by actual personal passive samplers or stationary industrial monitoring
data. The lack of precise airborne toxicant concentrations (e.g., mg/m? of chemical agents
or particulate dust counts) makes it impossible to establish definitive dose-response rela-
tionships. While our approach reflects real-world occupational scenarios, incorporating
precise chemical measurements in future research is essential to elucidate the direct causal
relationships between specific agents and the observed biomarker shifts.

Finally, the molecular mechanisms discussed in this exploratory study—such as poten-
tial DNMT/TET modulation, BER pathway dynamics, or ROS generation—are presented
as theoretical frameworks. As our study was primarily designed to assess non-invasive
biomarker kinetics, these mechanistic hypotheses provide a valuable direction for future
targeted experimental validation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms27146411/s1.
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