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Abstract

Bees are vulnerable to environmental pollution, including toxic emissions from fire events, which can impact oxidative
balance. This study was conducted as a pilot investigation with a relatively limited sample size and aimed to assess the
levels of specific biomarkers [8-ox0-7,8-dihydroguanine (8-oxoGua), 8-o0xo-7,8-dihydroguanosine (8-oxoGuo), 8-0xo-2'-
deoxyguanosine (8-oxodGuo), 3-nitrotyrosine (3-NO,Tyr), and 5-methylcytidine (5-MeCyt)] by HPLC—MS/MS analysis
in bees sampled before (May) and after (June) a landfill fire. The bees were divided into three groups: untreated (control),
supplemented with Quassia amara, or fed probiotics. HPLC—MS/MS analysis revealed no significant differences in the
total bee population before and after fire. However, 8-oxoGua significantly increased in the control bees postfire (p <0.05).
Conversely, bees treated with Q. amara or probiotics tended to exhibit lower levels of oxidative and epigenetic biomarkers.
However, only the Q. amara group showed a significant post-fire decrease in 8-oxoGua (p < 0.010). These observations
should be considered preliminary and hypothesis-generating given the pilot nature and limited sample size of the study.
Further investigations are required to elucidate their interaction mechanisms and long-term effects on pollinator health.
Overall, this study highlights the potential of honeybees as early sentinels of oxidative stress, providing valuable insights
for environmental monitoring and ecosystem health assessment.

Keywords Biomonitoring - Environmental pollution - HPLC-MS/MS - Nucleic acid oxidation - Oxidative stress -
Pollinators

Introduction

Bees are indispensable pollinators that play a pivotal role in
maintaining biodiversity and supporting agricultural produc-
tivity (Gekiére et al. 2023; Murphy et al. 2022; Potts et al.
2016). However, recent decades have witnessed alarming
declines in bee populations globally, attributed to various
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environmental stressors, including pesticide exposure, habi-
tat loss, and environmental pollution (Brunet and Fragoso
2024). An emerging environmental concern is the occur-
rence of fires in waste landfills, which can release a complex
mixture of toxic substances into the environment (Giam-
paoli et al. 2025). Owing to their foraging behavior and close
contact with environmental matrices, bees are particularly
susceptible to pollutants released during landfill fires (Giam-
paoli et al. 2025). Inhalation of contaminated air, ingestion
of polluted nectar and water, and contact with contaminated
surfaces can lead to the accumulation of toxic substances
in their bodies (Astolfi et al. 2022; Badiou-Bénéteau et al.
2012; Carvalho et al. 2013; Gekiére et al. 2023; La Porta
et al. 2023). Honey bees are increasingly recognized as
effective bioindicator organisms in environmental moni-
toring due to their wide foraging range, high sensitivity to
environmental contaminants, and ability to integrate expo-
sure across different environmental compartments. Recent
studies have demonstrated their applicability in monitoring
atmospheric pollutants, trace elements, volatile organic
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compounds, and soil-derived contaminants, as well as in
evaluating environmental quality through analyses of bees
and bee-derived products (Ili¢ et al. 2024; Mair et al. 2023;
Marcoccia et al. 2024; Praus et al. 2024; Trimmel et al.
2026). These findings further support their role as comple-
mentary bioindicator systems for assessing anthropogenic
impacts on ecosystems.

One critical yet underexplored factor contributing to bee
health deterioration is oxidative stress, a state characterized
by an imbalance between the production of reactive oxygen
species (ROS) and the organism's antioxidant defenses, lead-
ing to cellular and molecular damage (Biova et al. 2025;
Liguori et al. 2018; Messi et al. 2025). Oxidative stress can
result in significant damage to nucleic acids, proteins, and
lipids, impairing their cellular functions and viability (Fich-
man et al. 2023; Gammella et al. 2016; Kohen and Nyska
2002; Messi et al. 2025). Biomarkers are valuable tools for
evaluating the health of bioindicator organisms, providing
crucial insights into environmental quality by reflecting the
effects of anthropogenic stressors at various biological levels
across different bee species (Badiou-Bénéteau et al. 2012;
Carvalho et al. 2013; Caliani et al. 2021; Lupi et al. 2021; La
Porta et al. 2023). Frequently employed biomarkers include
enzymatic activity measurements, such as those of cholinest-
erase (ChE) for assessing neurotoxicity, catalase (CAT) for
the antioxidant response, glutathione S-transferase (GST)
for detoxification, and lipid peroxidation (LPO) levels for
evaluating oxidative stress (Badiou-Bénéteau et al. 2012;
Biovi et al. 2025; Lupi et al. 2021; Messi et al. 2025).

Biomarkers have been instrumental in assessing the impact
of various environmental stressors on bee populations, includ-
ing exposure to urban and industrial pollution (Nikoli¢ et al.
2016; Al Naggar et al. 2020; Li et al. 2024) as well as pesti-
cides (Gauthier et al. 2018; Tan et al. 2022; Benito-Murcia
et al. 2024; Ayoub et al. 2024; Hisamoto et al. 2024; Mackei
et al. 2024). A recent study by Giampaoli et al. (2025) inves-
tigated the consequences of a landfill fire at the Malagrotta
site in Rome, Italy, on bee health. The research has focused
on assessing the physiological stress and oxidative protein
damage caused by exposure to environmental pollutants by
measuring H,O, levels and protein carbonyl content, respec-
tively. The findings revealed that pollutants from landfill fires
increased oxidative stress and metal accumulation in bees
and support the role of bees as bioindicator models for study-
ing biomarkers associated with environmental contamina-
tion (Badiou-Bénéteau et al. 2012; Carvalho et al. 2013; La
Porta et al. 2023). To improve assessments of anthropogenic
effects on bee populations, it is essential to adopt an integrated
approach that combines classical enzymatic and oxidative
markers with biomarkers reflecting oxidative and epigenetic
damage to nucleic acids and proteins. This strategy allows a
more accurate evaluation of environmental stress exposure
(Badiou-Bénéteau et al. 2012; Lupi et al. 2021). In humans,

exposure to environmental contaminants has been linked to
oxidative modifications of nucleic acids, including guanine
oxidation products such as 8-oxo-7,8-dihydroguanine (8-oxo-
Gua), 8-0x0-7,8-dihydroguanosine (8-oxoGuo), and 8-0x0-7,8-
dihydro-2'-deoxyguanosine (8-oxodGuo) (Chao et al. 2021;
Domingo-Relloso et al. 2019; Tanaka and Chock 2021). Oxi-
dative modifications also affect proteins and lipids; for exam-
ple, tyrosine nitration produces 3-nitrotyrosine (3-NO,Tyr),
a widely recognized biomarker of protein oxidation (Kehm
et al. 2021), while alterations in 5-methylcytidine (5-MeCyt),
a methylation product of cytidine and an epigenetic marker of
RNA turnover, are associated with disease-related biological
processes (Buonaurio et al. 2021; Guo et al. 2018). This study
applies the same panel of oxidative stress and epigenetic bio-
markers (8-oxoGua, 8-oxoGuo, 8-oxodGuo, 3-NO,Tyr, and
5-MeCyst) to honeybees to evaluate the effects of environmen-
tal contaminants. These markers were selected because they
are widely used in human biomonitoring to assess exposure-
related oxidative damage and biological responses (Buon-
aurio et al. 2021; Giorgione et al. 2025). To our knowledge,
no previous studies have applied this comprehensive panel
to bees, highlighting their potential as early sentinels of oxi-
dative stress, which may provide insight into environmental
health risk assessment frameworks. Given the complexity of
real-world exposure scenarios and the difficulty in identifying
suitable control apiaries unaffected by local pollution sources,
the present investigation should be regarded as a pilot study
and the interpretation of biomarker responses should consider
potential temporal and environmental confounding factors.

Collectively, recent advances in honey bee biomonitor-
ing demonstrate a shift from single-matrix contamination
assessment toward integrated multi-matrix and multi-
stressor environmental evaluation. However, most existing
studies have focused primarily on chemical or elemental
accumulation, while fewer have addressed early molecu-
lar effects of exposure at the level of oxidative damage and
nucleic acid modifications. The present study addresses this
gap by integrating a comprehensive panel of oxidative stress
and epigenetic biomarkers in honey bees, thereby extending
their application from exposure monitoring to early biologi-
cal effect assessment and improving the mechanistic inter-
pretation of environmental stress responses.

Materials and methods

Study area and sample collection

As previously described (Giampaoli et al. 2025), the sam-
pling site was located near the Malagrotta landfill in the
province of Rome, central Italy. Briefly, six hives of Apis

mellifera ligustica Spinola, with similar colony sizes and
bee populations, were selected. Two hives served as controls
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and received only a control solution (1 L; Candiplus1; Zuc-
chero and C., Florence, Italy). The four remaining hives,
which formed the experimental groups, were divided into
two pairs: one pair was provided with a sugar solution (1
L) containing bee-specific probiotics (10 g; Probee; CHRI.
VA, Rome, Italy), while the other received a sugar solution
(1 L) supplemented with 5% Quassia amara (Bitterholz,
Quassiaholz gemahlen, Naturix24, Germany) (Astolfi et al.
2022; Giampaoli et al. 2025). During sampling (April-July
2022), a major fire broke out at a mechanical-biological
waste treatment plant located approximately 500 m from the
sampling area. This fire released a cloud of smoke over the
region and persisted for several days due to the combustion
of highly flammable materials, leading to the emission of
numerous contaminants.

No external control apiary was included in the study
design. The identification of a suitable control site was con-
sidered impracticable because an ideal control apiary should
be located within the same geographical area and experience
comparable environmental and climatic conditions while
remaining unaffected by both local pollution sources and
emissions associated with the landfill fire. Consequently,
comparisons were performed using samples collected before
and after the fire event within the same apiary. We acknowl-
edge that this approach cannot completely disentangle the
potential effects of the fire from seasonal variation and natu-
ral changes in colony dynamics.

For oxidative stress analysis, approximately 30 bees per
hive were collected from each hive and processed separately
per colony. Each hive sample was placed in an independent
50-mL Falcon® tubes (Corning Incorporated Life Sciences,
Amsterdam, The Netherlands), ensuring that samples were
not pooled across hives. The collected bees were immedi-
ately flash-frozen in liquid nitrogen (~ 196 °C). These sam-
ples were then transported to the laboratory and stored at
—80 °C until further processing.

Chemicals and reagents

The analytical reference standards for 8-oxoGua, 8-oxoGuo,
and 8-oxodGuo were obtained from Spectra 2000 SRL
(Rome Italy). The isotope-labeled internal standard
(13C15N2) 8-o0xoGua (98%) was also sourced from Cam-
bridge Isotope Laboratories (Tewksbury, MA, United
States), whereas (13C15N2) 8-oxoGuo, (13C15N2) 8-oxod-
Guo, and cotinine-d; (99.9%) were supplied by CDN Iso-
topes Inc. (Pointe-Claire, QC, Canada). The 3-NO,Tyr
standard was provided by Cayman Chemical Company
(Ann Arbor, MI, USA), whereas 3-NO,Tyr ds was obtained
from Toronto Research Chemicals (Toronto, ON, Canada).
5-MeCyt (>99%) was supplied by Sigma—Aldrich, Merck
(St. Louis, MO, USA). The additional chemicals, including
glacial acetic acid, 30% NHs, dimethyl sulfoxide (DMSO),
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sodium hydroxide solution (50-52% in water), Chroma-
solv® gradient-grade methanol (99.9%) and acetonitrile for
HPLC/MS (99.9%), as well as low benzene content carbon
disulfide, were acquired from Sigma—Aldrich (Saint Louis,
MO, USA). Purified water was generated via a Milli—Q
Plus system (Millipore, Milford, MA, USA). Anotop 10LC
syringe filter devices (0.2 um pore size, 10 mm diameter)
were sourced from Whatman Inc. (Maidstone, UK).

Bee sample preparation

Individual bee samples (~ 150 mg fresh weight) were thawed
at room temperature and extracted in a mixture consisting of
300 pL of water and 600 pL of methanol. After centrifuga-
tion at 11,000 rpm for 10 min, the supernatant was trans-
ferred to a centrifugal filter unit (0.2 pm pore size, 10 mm
diameter; Whatman Inc., Maidstone, UK). Before HPLC—
tandem mass spectrometry (HPLC—MS/MS) analysis, a 100
pL aliquot of the filtered sample was mixed with the internal
standard solution at a ratio of 1:3 and vortexed for 1 min. For
each hive, between 3 and 6 individual bees were analyzed
depending on sample availability. Overall, eight individual
bees were analyzed for each treatment group (control, probi-
otics, and Q. amara) in each sampling month, corresponding
to 24 bees per month and 48 bees overall.

HPLC—MS/MS analysis

The concentrations of 8-oxoGua, 8-0xoGuo, 8-oxodGuo, and
3-NO,Tyr in bee samples were determined by HPLC-MS/
MS according to a previously described method (Andreoli
et al. 2010), with modifications reported in Giorgione et al.
(2025). The system consisted of an API 4000 triple-quad-
rupole mass spectrometer equipped with a Turbo Ion Spray
(TIS) probe (AB Sciex, Framingham, MA, USA) coupled to
a Series 200 LC quaternary pump (PerkinElmer, Norwalk,
CT, USA). Chromatographic separation was performed on
a Kinetex Polar C18 100 A column (150 x4.6 mm, 2.6 pm,
Phenomenex, Castelmaggiore, Italy) using a gradient mix-
ture of acetonitrile and methanol (9:1 v/v) with 0.5% acetic
acid in water (all reagents from Carlo Erba Reagents, Milan,
Italy) at a flow rate of 500 pL/min. The injection volume
was 20 pL, and ionic transitions (precursor — product) were
monitored in positive mode. Instrument control and data
analysis were performed using Analyst® software (version
1.5, AB/Sciex, Concorde, ON, Canada). Table 1 reports the
ionic transition retention times of 8-oxoGua, 8-oxoGuo,
8-oxodGuo, 3-NO,Tyr, and 5-MeCyt, along with the cor-
responding internal standards.

Before injection, extracted bee samples were vortexed and
mixed with the internal standard. Each sample was analyzed
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in duplicate, and the arithmetic mean of the peak areas of the
two replicates was used for quantification.

Calibration curves (Fig. S1) were prepared by stepwise
dilution of stock standard solutions in methanol. Concentra-
tion ranges were: 0-900 pg/L for 8-oxoGua and 3-NO,Tyr,
0-75 pg/L for 8-oxoGuo, 0-23 pg/L for 8-oxodGuo, and
0-64 pg/L for 5-MeCyt. Internal standard stock solutions
were added to each calibration standard at the following
concentrations: 400 ug/L for ('3C'°N,) 8-oxoGua, 50 pg/L
for (1*C°N,) 8-0xoGuo, 15 pg/L for (‘*C'*N,) 8-oxodGuo,
340 pg/L for 3-NO,Tyr-ds, and 375 pg/L for cotinine-ds.
Quantification was performed using the internal stand-
ard method. Fig. S1 shows the calibration curves for all
biomarkers.

Linearity was assessed by correlating the ratio of the ana-
lyte peak area to that of its internal standard against analyte
concentration, with R?> 0.99 considered satisfactory. The
limit of detection (LOD) was defined as the lowest con-
centration with a signal-to-noise ratio (SNR) of 3, and the
limit of quantification (LOQ) was defined as the concentra-
tion with an SNR of 10. LOD and LOQ values for each
biomarker were as follows: 8-oxoGua, 0.003 and 0.01 mg/
kg; 8-0xodGuo, 0.0008 and 0.003 mg/kg; 8-oxoGuo, 0.004
and 0.01 mg/kg; 3-NO,Tyr, 0.01 and 0.04 mg/kg; 5-MeCiyt,
0.002 and 0.006 mg/kg; cotinine, 0.09 and 0.2 mg/kg. These
parameters demonstrate the sensitivity and suitability of the
method for accurate biomarker quantification in bee samples.

Statistics

Statistical analyses were conducted using the IBM SPSS
statistics 27 software (IBM Corp., Armonk, NY, USA).
Initially, the distribution of each analyte concentration
was assessed via both the Kolmogorov—Smirnov and Sha-
piro—Wilk normality tests (Faraway 2004). Since the data
did not follow a normal distribution, a log-normal trans-
formation was applied. Once normality was confirmed, the

Table 1 Ionic transitions and retention times of analytes and internal
standards

Compounds Ionic transitions Retention time
(8-ox0Gua) 168.402 — 140.100 4.46

(1*C®N,) 8-oxoGua 171.139— 142.100

8-oxoGuo 300.268 — 168.300 5.45

(1*C’®N,) 8-oxoGuo 303.240 — 171.000

8-oxodGuo 284.000— 168.100 5.7

(1*C'®N,) 8-oxodGuo 287.163 —171.100

3-NO,Tyr 226.992 — 181.000 5.99
3-NO,Tyr-d, 229.992 — 184.000

5-MeCyt 257.946 — 126.100 3.94

Cotinine-ds 180.300 — 80.100

transformed data were analyzed by one-way ANOVA, fol-
lowed by Bonferroni post hoc correction to detect statis-
tically significant differences among the concentrations. It
should be noted that multiple bees were sampled within the
same hive; therefore, individual bees may not represent fully
independent statistical units. This limitation was considered
when interpreting the results, and statistical inference should
be regarded as exploratory at the hive level.

Focused principal component analysis (FPCA) was car-
ried out following the method described by Falissard (1999),
using a custom MATLAB function (R2020b, MathWorks,
Portola Valley, CA, USA) based on Spearman’s rank correla-
tion. The analysis was performed on combined datasets inte-
grating oxidative stress biomarkers (8-oxoGua, 8-oxoGuo,
8-0xodGuo, 3-NO,Tyr, and 5-MeCyt) with indicators of
physiological stress (PS) and potential post-transcriptional
damage (PTD) in bees, the latter being discussed and
reported in Giampaoli et al. (2025).

A p value of less than 0.05 was considered indicative of
statistical significance for all tests.

Results and discussion

The results of the HPLC—MS/MS analysis are shown in
Fig. 1 and Table 2. When the entire bee population was con-
sidered, no statistically significant differences (p >0.05) in
oxidative stress or epigenetic biomarker levels were detected
before (May) and after (June) the fire event (Table 2). This
suggests that, when averaged across all individuals, the
potential effects of the fire event or of differences in diet
were likely diluted by the natural variability among colonies.
However, when the data were analyzed by treatment (Fig. 1),
distinct trends became apparent. In particular, the control
group exhibited a general increase in oxidative and epige-
netic biomarker concentrations following the fire. These
results indicate that averaging data across the entire popula-
tion may obscure treatment- or colony-specific patterns and
should therefore be interpreted only as a descriptive over-
view. In particular, the mean concentration of 8-oxoGua in
control bees was significantly greater in June than in May
(p <0.05). Conversely, bees fed with Q. amara or probiotics
tended to exhibit lower concentrations of several biomark-
ers after the fire event. However, only the Q. amara group
showed a significant post-fire decrease in 8-oxoGua levels
(»<0.010).

The results obtained in this study suggest a potential
association between environmental pollution—particu-
larly waste fires— and oxidative stress responses in bees,
primarily reflected by changes in 8-oxoGua levels. In that
study, acute exposure to fumes from waste combustion
at the Malagrotta landfill led to an increase in hydrogen
peroxide and protein carbonyl levels in untreated bees,
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Fig. 1 Concentration trends (ug/g bee) of oxidative stress biomark-
ers in honey bees. Biomarker levels were determined in bees fed
with control solution, Q. amara, or probiotics before (May) and after
(June) the fire event. Each treatment group comprised two independ-

indicative of physiological stress and oxidative protein
damage caused by exposure to environmental pollutants.
In the present study, a significant increase in 8-oxoGua
was observed in control bees following the pollution event
(p <0.05). 8-oxoGua can originate from both RNA and
DNA oxidation (Hahm et al. 2022), and this increase may
reflect a response to airborne contaminants, consistent
with the molecular damage at the protein level reported by
Giampaoli et al. (2025). As shown in Fig. S2, physiologi-
cal stress (PS) displayed a significant positive correlation
with 8-oxoGuo, suggesting a link between systemic stress

@ Springer

ent hives, with 3-5 individual bees analyzed per hive depending on
sample availability. Bars represent the arithmetic mean concentrations
of the analyzed bees, and error bars indicate the standard deviation
(SD). Significance levels: *=p <0.05; **=p <0.01

and RNA oxidation. However, this relationship should be
interpreted cautiously, as it was not consistently observed
across all analyzed biomarkers.

Conversely, no significant correlations were observed
between the potential post-transcriptional damage (PTD)
identified by Giampaoli et al. (2025) and the oxidative
stress biomarkers analyzed in the present study (Fig. S3).
This lack of association suggests that PTD and the nucleic
acid oxidation markers measured here may reflect distinct
but complementary stages of the cellular stress response;
however, the limited consistency across biomarkers does
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Table 2 Oxidative biomarker levels (ug/g bee) in the entire bee popu-
lation measured before (May) and after (June) the fire event

8-oxoGua 8-oxoGuo 8-oxodGuo 3-NO,Tyr 5-MeCyt

May

N? 24 24 24 24 24
Mean  0.59 0.105 0.024 0.045 0.0081
SD 0.32 0.059 0.018 0.039 0.0043
Median  0.60 0.095 0.022 0.026 0.0084
Min 0.18 0.040 0.007 0.001 0.0029
Max 1.28 0.234 0.070 0.121 0.0167
June

N? 24 24 24 24 24
Mean  0.56 0.17 0.026 0.031 0.0076
SD 0.36 0.21 0.018 0.038 0.0021
Median  0.39 0.10 0.027 0.021 0.0074
Min 0.17 0.03 0.007 0.003 0.0049
Max 1.29 0.81 0.075 0.130 0.0116
df,.> 47 47 47 47 47

F (1,46)° 0.132 0.363 0.103 1.27 0.074
p° 0.720 0.552 0.751 0.270 0.788
n? 0.005 0.014 0.004 0.048 0.003

N represents the number of individual bee samples analyzed for each
biomarker in each sampling period

bSeparate one-way ANOVA analyses were performed for each bio-
marker to compare values between May and June in the overall bee
population; the corresponding F statistics, exact p values, and effect
sizes (n?) are reported for each biomarker. The ANOVA yielded
F(1,46), where 1 and 46 represent the between-group and within-
group degrees of freedom, respectively, corresponding to a total of 47
degrees of freedom (df_total =47)

not support broader generalization regarding systemic or
epigenetic-level regulation.

These findings highlight the potential harmful effects of
acute pollution events, such as waste fires, which can release
a broad spectrum of contaminants—including heavy metals
(As, Cd, Cr, Cu, Hg, Ni, Pb, Se, and Zn), volatile and per-
sistent organic compounds, aldehydes, and fine particulate
matter (Lemieux 1997; EEA 2016; Bihatowicz et al. 2021).
However, it should be noted that this was an accidental and
unpredictable event, which made it impossible to perform
simultaneous sampling in a truly uncontaminated area.
Moreover, identifying an appropriate distance for compari-
son is inherently complex, as moving further away from the
affected site could introduce additional variability due to dif-
ferences in foraging activity, local environmental conditions,
and background pollution levels. Therefore, while the results
suggest a potential association between the fire event and
oxidative stress responses, they should still be interpreted
with caution and not as evidence of systemic or regulatory-
level biological effects.

The present data suggest a potential modulation of oxi-
dative stress biomarkers in bees associated with probiotic

supplementation and Q. amara treatment. These observa-
tions are consistent with literature demonstrating that pro-
biotics can modulate the gut microbiota of bees, enhanc-
ing tolerance to chemical agents and preventing dysbiosis
(Gekiére et al. 2023; Wu et al. 2020; Wang et al. 2021),
whereas phenolic compounds from Q. amara may exert anti-
oxidant activity via free radical scavenging (Manach et al.
2004; Zargoosh et al. 2019). Previous studies also support
this trend: in Maccarese, a background area, probiotic sup-
plementation reduced concentrations of some contaminants
in bees (Astolfi et al. 2022), a trend later confirmed in bees
exposed to pollutants at Malagrotta (Giampaoli et al. 2025).

Overall, exposure to pollutants released by waste fires
represents a potential risk factor for oxidative stress in bees.
Nonetheless, the data indicate that medicinal plants and
probiotic bacteria may contribute to modulating oxidative
stress responses in bees rather than exerting direct protec-
tive effects, potentially supporting pollinator resilience
under environmental stress conditions. However, additional
studies are warranted to investigate the factors that may
influence the adsorption capacity of these bioadsorbents
and their excretion pathways in bees. This is particularly
relevant given that bees and other pollinators are exposed
to a complex mixture of chemical pollutants in the envi-
ronment, often at variable concentrations, which may lead
to antagonistic, additive, or synergistic effects (Monchanin
et al. 2021a, b; Gekiére et al. 2023).

Study limitations and future directions

It should be noted that bees collected from the same hive
may not be statistically independent, as they share similar
environmental conditions, diet, and exposure patterns. This
potential lack of statistical independence, which is common
in field-based studies, may slightly reduce the statistical
power and generalizability of the findings. An additional
limitation of the present study is the potential pseudoreplica-
tion arising from the sampling of multiple bees within the
same hive. Because bees from the same colony are not fully
independent observations and the number of hives per treat-
ment was limited, the statistical inference should be inter-
preted with caution and the findings should be considered
preliminary and exploratory, consistent with the pilot nature
of the study. Moreover, the limited number of independ-
ent hives per treatment did not allow a robust evaluation
of treatment X sampling-period interactions; therefore, any
apparent treatment-related differences should be regarded
as exploratory and hypothesis-generating rather than as evi-
dence of a protective effect. Nevertheless, the adopted sam-
pling strategy allowed for meaningful preliminary insights
into the effects of environmental stressors on oxidative and
epigenetic biomarkers in bees.

@ Springer



10960

Environmental Science and Pollution Research (2026) 33:10954-10962

Future studies could strengthen the experimental design
by increasing the number of hives, incorporating reference
colonies located in areas with lower expected pollution
levels, and expanding the geographic and temporal scope
of sampling. However, identifying truly uncontaminated
environments and ensuring comparable foraging conditions
across colonies remain challenging tasks. Moreover, inte-
grating complementary approaches—such as multi-omics
analyses or controlled exposure experiments—would ena-
ble a more comprehensive understanding of the molecular
mechanisms underlying biomarker responses and enhance
the robustness and applicability of the results. Future studies
including a larger number of independent colonies are there-
fore required to provide more robust estimates of treatment
effects, to formally assess treatment X sampling-period inter-
actions, and to confirm the exploratory findings reported
here.

Conclusion

Bees are vital components of ecosystems, and their decline
poses significant threats to biodiversity and food security.
Environmental pollution, including emissions from landfill
fires, may be associated with oxidative stress responses in
bees, potentially leading to adverse health outcomes. Moni-
toring oxidative stress and epigenetic biomarkers such as
8-0x0Gua, 8-oxoGuo, §-oxodGuo, 3-NO,Tyr, and 5-MeCyt
provides valuable insights into the physiological status of
bees under environmental stress; however, the present results
indicate that only 8-oxoGua showed a consistent and sta-
tistically significant response, while the other biomarkers
displayed more variable or non-significant changes. The use
of advanced analytical techniques such as HPLC-MS/MS
facilitates accurate biomarker detection, supporting compre-
hensive assessments of bee health.

However, it should be emphasized that oxidative stress
in bees may result from a combination of factors, includ-
ing diet, environmental contaminants, seasonal variation,
forage availability, meteorological conditions, and natural
colony dynamics, rather than being solely attributable to
specific pollution events such as landfill fires. Although
comparison with colonies from cleaner background areas
would ideally strengthen the interpretation of the results,
identifying a truly suitable control apiary is challenging,
as it should share similar geographical, climatic, and eco-
logical characteristics with the study area while remain-
ing unaffected by local pollution sources and by emis-
sions associated with the landfill fire. Moreover, ensuring
that bees from different colonies forage on similar floral
resources and are exposed to comparable environmental

@ Springer

conditions remains difficult. Therefore, the observed dif-
ferences between the May and June samplings should be
interpreted cautiously and considered associations occur-
ring in temporal proximity to the fire event rather than
direct evidence of a causal relationship. Accordingly, the
present work should be regarded as a pilot and explora-
tory study.

Despite these limitations, monitoring oxidative and epi-
genetic biomarkers in bees can provide valuable information
on the sublethal effects of environmental stressors; however,
the interpretation should remain strictly biomarker-specific
and should not be generalized to systemic or regulatory-level
biological effects based on the current dataset. Honeybees
remain promising bioindicators due to their ecological rel-
evance and shared exposure pathways with humans, offer-
ing potential insights for environmental monitoring and eco-
system health assessment, with broader relevance for One
Health perspectives.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-026-38040-z.

Acknowledgements The authors would like to acknowledge the kind
assistance provided by Marco Papi Azienda Agricola ed Apistica,
Rome (Italy), to conduct sampling on his apiaries. His contribu-
tions, including reducing bee stress during capture and sharing valu-
able knowledge about the local area and bees' lifestyle, significantly
enhanced this study's data collection and analysis.

Author contribution Roberta Giorgione: Writing—Original Draft.
Marcello Messi: Formal analysis, Resources, Writing—Original Draft.
Daniela Pigini: Data curation, Validation, Formal analysis, Investiga-
tion, Writing—review and editing. Maria Luisa Astolfi: Conceptualiza-
tion, Data curation, Validation, Formal analysis, Resources, Supervi-
sion, Writing—Original Draft, Writing—review and editing, Funding
Acquisition. All authors read and approved the final manuscript.
Funding Open access funding provided by Universita degli Studi di
Roma La Sapienza within the CRUI-CARE Agreement. This work
was supported by the project 2023, RM123188F73F6255 (Principal
Investigator M.L. Astolfi), financed by Sapienza University of Rome;
and the Ph.D. programs on green topics, PON Research and Innovation
2014-2020 project, funded by FSE REACT-EU.

Data availability All data are included in this article. Data will also be
available on reasonable request.

Declarations

Ethics approval Not applicable.
Consent to participate Not applicable.
Consent for publication Not applicable.

Competing interests The authors have no relevant financial or non-
financial interests to disclose.

Clinical trial number Not applicable.


https://doi.org/10.1007/s11356-026-38040-z

Environmental Science and Pollution Research (2026) 33:10954-10962

10961

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Al Naggar Y, Dabour K, Masry S, Sadek A, Naiem E, Giesy JP (2020)
Sublethal effects of chronic exposure to CdO or PbO nanoparti-
cles or their binary mixture on the honey bee (Apis millefera L.).
Environ Sci Pollut Res 27:19004-19015. https://doi.org/10.1007/
s11356-018-3314-2

Andreoli R, Manini P, Palma GD, Alinovi R, Goldoni M, Niessen WM,
Mutti A (2010) Quantitative determination of urinary 8-oxo-7,
8-dihydro-2'-deoxyguanosine, 8-oxo-7, 8-dihydroguanine, 8-oxo-
7, 8-dihydroguanosine, and their non-oxidized forms: daily con-
centration profile in healthy volunteers. Biomarkers 15(3):21-231.
https://doi.org/10.3109/13547500903434501

Astolfi ML, Conti ME, Messi M, Marconi E (2022) Probiotics as a
promising prophylactic tool to reduce levels of toxic or potentially
toxic elements in bees. Chemosphere 308:136261. https://doi.org/
10.1016/j.chemosphere.2022.136261

Ayoub L, Yagoob M, Kanth RH, Wani FJ, Shah ZA, Dar EA, Alwa-
hibi MS (2024) Exposure to organophosphate insecticides induces
behavioral changes and acetylcholinesterase inhibition in Apis
mellifera. Ecotoxicol Environ Saf 287:117279. https://doi.org/
10.1016/j.ecoenv.2024.117279

Badiou-Bénéteau A, Carvalho SM, Brunet JL, Carvalho GA, Buleté
A, Giroud B, Belzunces LP (2012) Development of biomarkers of
exposure to xenobiotics in the honey bee Apis mellifera: applica-
tion to the systemic insecticide thiamethoxam. Ecotoxicol Environ
Saf 82:22-31. https://doi.org/10.1016/j.ecoenv.2012.05.005

Benito-Murcia M, Botias C, Martin-Hernandez R, Higes M, Soler
F, Pérez- Lépez M, Martinez-Morcillo S (2024) Biomarker
responses and lethal dietary doses of tau-fluvalinate and cou-
maphos in honey bees: implications for chronic acaricide toxic-
ity. Environ Toxicol Pharmacol 105:104330. https://doi.org/10.
1016/j.etap.2023.104330

Bihatowicz JS, Rogula-Koztowska W, Krasuski A (2021) Contribu-
tion of landfill fires to air pollution—an assessment methodology.
Waste Manag 125:182-191. https://doi.org/10.1016/j.wasman.
2021.02.046

Biova J, Kodrik D, Jankd M, Dostélkova S, Finstrom MS, Petiivalsky
M, Danihlik J (2025) Time dynamics models for oxidative stress
markers in honey bees (Apis mellifera) following paraquat-
induced stress. Environ Toxicol Pharmacol 104718. https://doi.
org/10.1016/j.etap.2025.104718

Brunet J, Fragoso FP (2024) What are the main reasons for the world-
wide decline in pollinator populations? CABI Rev. https://doi.org/
10.1079/cabireviews.2024.0016

Buonaurio F, Astolfi ML, Pigini D, Tranfo G, Canepari S, Pietroiusti
A, Sisto R (2021) Oxidative stress biomarkers in urine of metal
carpentry workers can be diagnostic for occupational exposure
to low level of welding fumes from associated metals. Cancers
13(13):3167. https://doi.org/10.3390/cancers13133167

Caliani I, Campani T, Conti B, Cosci F, Bedini S, D’Agostino A, Casini
S (2021) Multibiomarker approach and IBR index to evaluate the
effects of different contaminants on the ecotoxicological status of
Apis mellifera. Ecotoxicol Environ Saf 208:111486. https://doi.
org/10.1016/j.ecoenv.2020.111486

Carvalho SM, Belzunces LP, Carvalho GA, Brunet JL, Badiou-Bene-
teau A (2013) Enzymatic biomarkers as tools to assess environ-
mental quality: a case study of exposure of the honeybee Apis
mellifera to insecticides. Environ Toxicol Chem 32(9):2117-2124.
https://doi.org/10.1002/etc.2288

Chao MR, Evans MD, Hu CW, Ji Y, Mgller P, Rossner P, Cooke MS
(2021) Biomarkers of nucleic acid oxidation—a summary state-of-
the-art. Redox Biol 42:101872. https://doi.org/10.1016/j.redox.
2021.101872

Domingo-Relloso A, Grau-Perez M, Galan-Chilet I, Garrido-Martinez
MJ, Tormos C, Navas-Acien A, Gomez-Ariza JL, Monzo-Beltran
L, Saez-Tormo G, Garcia-Barrera T, Laita AD, Figuero LSB,
Martin-Escudero JC, Chaves FJ, Redon J, Tellez-Plaza M (2019)
Urinary metals and metal mixtures and oxidative stress biomark-
ers in an adult population from Spain: the Hortega Study. Environ
Int 123:171-180. https://doi.org/10.1016/j.envint.2018.11.055

EEA (2016) EMEP/EEA air pollutant emission inventory guidebook.
https://www.eea.europa.eu/publications/emep-eea-guidebook-
2016. Accessed 2 Aug 2023

Falissard B (1999) Focused principal component analysis: looking at
a correlation matrix with a particular interest in a given variable.
J Comput Graph Stat 8:906-912. https://doi.org/10.1080/10618
600.1999.10474855

Faraway JJ (2004) Linear models with R. Chapman & Hall/CRC, Boca
Raton FL

Fichman Y, Rowland L, Oliver MJ, Mittler R (2023) ROS are evolu-
tionary conserved cell-to-cell stress signals. Proc Natl Acad Sci
U S A 120(31):62305496120. https://doi.org/10.1073/pnas.23054
96120

Gammella E, Recalcati S, Cairo G (2016) Dual role of ROS as signal
and stress agents: iron tips the balance in favor of toxic effects.
Oxid Med Cell Longev 1:8629024. https://doi.org/10.1155/2016/
8629024

Gauthier M, Aras P, Paquin J, Boily M (2018) Chronic exposure to
imidacloprid or thiamethoxam neonicotinoid causes oxidative
damages and alters carotenoid-retinoid levels in caged honey
bees (Apis mellifera). Sci Rep 8(1):16274. https://doi.org/10.1038/
s41598-018-34625-y

Gekiére A, Vanderplanck M, Michez D (2023) Trace metals with heavy
consequences on bees: a comprehensive review. Sci Total Environ.
https://doi.org/10.1016/j.scitotenv.2023.165084

Giampaoli O, Messi M, Merlet T, Sciubba F, Canepari S, Spagnoli M,
Astolfi ML (2025) Landfill fire impact on bee health: beneficial
effect of dietary supplementation with medicinal plants and probi-
otics in reducing oxidative stress and metal accumulation. Environ
Sci Pollut Res 1-17. https://doi.org/10.1007/s11356-023-31561-x

Giorgione R, Guzman MAL, Sanchez LF, Pigini D, Massimi L, Astolfi
ML (2025) Air quality impact on hair and urine element levels
and oxidative stress in university students. Sci Total Environ
988:179823. https://doi.org/10.1016/j.scitotenv.2025.179823

Guo C, Xie C, Chen Q, Cao X, Guo M, Zheng S, Wang Y (2018) A
novel malic acid-enhanced method for the analysis of 5-methyl-
2'-deoxycytidine, 5-hydroxymethyl-2'-deoxycytidine, 5-methyl-
cytidine and 5-hydroxymethylcytidine in human urine using
hydrophilic interaction liquid chromatography—tandem mass
spectrometry. Anal Chim Acta 1034:110-118. https://doi.org/10.
1016/j.aca.2018.06.081

Hahm JY, Park J, Jang ES, Chi SW (2022) 8-Oxoguanine: from oxi-
dative damage to epigenetic and epitranscriptional modifica-
tion. Exp Mol Med 54(10):1626-1642. https://doi.org/10.1038/
$12276-022-00822-z

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s11356-018-3314-2
https://doi.org/10.1007/s11356-018-3314-2
https://doi.org/10.3109/13547500903434501
https://doi.org/10.1016/j.chemosphere.2022.136261
https://doi.org/10.1016/j.chemosphere.2022.136261
https://doi.org/10.1016/j.ecoenv.2024.117279
https://doi.org/10.1016/j.ecoenv.2024.117279
https://doi.org/10.1016/j.ecoenv.2012.05.005
https://doi.org/10.1016/j.etap.2023.104330
https://doi.org/10.1016/j.etap.2023.104330
https://doi.org/10.1016/j.wasman.2021.02.046
https://doi.org/10.1016/j.wasman.2021.02.046
https://doi.org/10.1016/j.etap.2025.104718
https://doi.org/10.1016/j.etap.2025.104718
https://doi.org/10.1079/cabireviews.2024.0016
https://doi.org/10.1079/cabireviews.2024.0016
https://doi.org/10.3390/cancers13133167
https://doi.org/10.1016/j.ecoenv.2020.111486
https://doi.org/10.1016/j.ecoenv.2020.111486
https://doi.org/10.1002/etc.2288
https://doi.org/10.1016/j.redox.2021.101872
https://doi.org/10.1016/j.redox.2021.101872
https://doi.org/10.1016/j.envint.2018.11.055
https://www.eea.europa.eu/publications/emep-eea-guidebook-2016
https://www.eea.europa.eu/publications/emep-eea-guidebook-2016
https://doi.org/10.1080/10618600.1999.10474855
https://doi.org/10.1080/10618600.1999.10474855
https://doi.org/10.1073/pnas.2305496120
https://doi.org/10.1073/pnas.2305496120
https://doi.org/10.1155/2016/8629024
https://doi.org/10.1155/2016/8629024
https://doi.org/10.1038/s41598-018-34625-y
https://doi.org/10.1038/s41598-018-34625-y
https://doi.org/10.1016/j.scitotenv.2023.165084
https://doi.org/10.1007/s11356-023-31561-x
https://doi.org/10.1016/j.scitotenv.2025.179823
https://doi.org/10.1016/j.aca.2018.06.081
https://doi.org/10.1016/j.aca.2018.06.081
https://doi.org/10.1038/s12276-022-00822-z
https://doi.org/10.1038/s12276-022-00822-z

10962

Environmental Science and Pollution Research (2026) 33:10954-10962

Hisamoto S, Ikegami M, Goka K, Sakamoto Y (2024) The impact of
landscape structure on pesticide exposure to honey bees. Nat Com-
mun 15(1):8999. https://doi.org/10.1038/s41467-024-52421-3

1li¢ D, Brki¢ B, Sekuli¢ MT (2024) Biomonitoring: developing a bee-
hive air volatiles profile as an indicator of environmental con-
tamination using a sustainable in-field technique. Sustainability
16(5):1713. https://doi.org/10.3390/sul6051713

Kehm R, Baldensperger T, Raupbach J, Hohn A (2021) Protein oxida-
tion - formation mechanisms, detection and relevance as biomark-
ers in human diseases. Redox Biol 42:101901. https://doi.org/10.
1016/j.redox.2021.101901

Kohen R, Nyska A (2002) Invited review: oxidation of biological sys-
tems: oxidative stress phenomena, antioxidants, redox reactions,
and methods for their quantification. Toxicol Pathol 30(6):620—
650. https://doi.org/10.1080/01926230290166724

La Porta G, Magara G, Goretti E, Caldaroni B, Dorr AJM, Selvaggi
R, Elia AC (2023) Applying artificial neural networks to oxida-
tive stress biomarkers in forager honey bees (Apis mellifera) for
ecological assessment. Toxics 11(8):661. https://doi.org/10.3390/
toxics11080661

Lemieux PM (1997) Evaluation of emissions from the open burning of
household waste in barrels, vol 1. Technical Report. U.S. Environ-
mental Protection Agency, Washington, D.C EPA/600/R-97/134a
(NTIS PB98-127343)

Li Z, Guo D, Wang C, Chi X, Liu Z, Wang Y, Gao Z (2024) Toxic
effects of the heavy metal Cd on Apis cerana cerana (Hymenop-
tera: Apidae): oxidative stress, immune disorders and disturbance
of gut microbiota. Sci Total Environ 912:169318. https://doi.org/
10.1016/j.scitotenv.2023.169318

Liguori I, Russo G, Curcio F, Bulli G, Aran L, Della-Morte D, Gargiulo
G, Testa G, Cacciatore F, Bonaduce D, Abete P (2018) Oxidative
stress, aging, and diseases. Clin Interv Aging. https://doi.org/10.
2147/CIA.S158513

Lupi D, Palamara Mesiano M, Adani A, Benocci R, Giacchini R,
Parenti P, Tremolada P (2021) Combined effects of pesticides
and electromagnetic-fields on honeybees: multi-stress exposure.
Insects 12(8):716. https://doi.org/10.3390/insects 12080716

Mackei M, Huber F, Sebsk C, Vorohazi J, Traj P, Marton RA, Matis G
(2024) Unraveling the acute sublethal effects of acetamiprid on
honey bee neurological redox equilibrium. Sci Rep 14(1):27514.
https://doi.org/10.1038/s41598-024-79274-6

Mair KS, Irrgeher J, Haluza D (2023) Elucidating the role of honey
bees as biomonitors in environmental health research. Insects
14(11):874. https://doi.org/10.3390/insects 14110874

Manach C, Scalbert A, Morand C, Rémésy C, Jiménez L (2004)
Polyphenols: food sources and bioavailability. Am J Clin Nutr
79(5):727-747. https://doi.org/10.1093/ajcn/79.5.727

Marcoccia D, Tzanetou EN, Pietropaoli M, Roessink I, van der Steen
J, Cuva C, Formato G, Kasiotis KM (2024) Biomonitoring of
particulate matter and volatile organic compounds using honey
bees and their products: a contemporary overview. Sci Total Envi-
ron 956:177391. https://doi.org/10.1016/j.scitotenv.2024.177391

Messi M, Giorgione R, Astolfi ML (2025) Insects as sentinels of oxida-
tive stress induced by environmental contaminants: biomarkers
and analytical approaches. Toxics 13(8):698. https://doi.org/10.
3390/toxics13080698

@ Springer

Monchanin C, Blanc-Brude A, Drujont E, Negahi MM, Pasquaretta
C, Silvestre J, Baqué D, Elger A, Barron AB, Devaud JM, Liho-
reau M (2021a) Chronic exposure to trace lead impairs honey bee
learning. Ecotoxicol Environ Saf 212:112008. https://doi.org/10.
1016/j.ecoenv.2021.112008

Monchanin C, Devaud JM, Barron AB, Lihoreau M (2021b) Current
permissible levels of metal pollutants harm terrestrial inverte-
brates. Sci Total Environ 779:146398. https://doi.org/10.1016/j.
scitotenv.2021.146398

Murphy JT, Breeze TD, Willcox B, Kavanagh S, Stout JC (2022) Glo-
balisation and pollinators: pollinator declines are an economic
threat to global food systems. People Nat 4(3):773-785. https://
doi.org/10.1002/pan3.10314

Nikoli¢ TV, Kojic D, Or¢i¢ S, Batinic D, Vukasinovié E, Blagojevié
DP, Purac J (2016) The impact of sublethal concentrations of
Cu, Pb and Cd on honey bee redox status, superoxide dismutase
and catalase in laboratory conditions. Chemosphere 164:98-105.
https://doi.org/10.1016/j.chemosphere.2016.08.077

Potts SG, Imperatriz-Fonseca V, Ngo HT, Aizen MA, Biesmeijer JC,
Breeze TD, Vanbergen AJ (2016) Safeguarding pollinators and
their values to human well- being. Nature 540(7632):220-229.
https://doi.org/10.1038/nature20588

Praus L, Urbanova S, Szakova J (2024) Honey bees and associated
matrices as biomonitors of soil trace elements: assessment of their
sensitivity in a regional rural environment. Environ Toxicol Chem
43(2):288-298. https://doi.org/10.1002/etc.5793

Tan S, Li G, Liu Z, Wang H, Guo X, Xu B (2022) Effects of glyphosate
exposure on honeybees. Environ Toxicol Pharmacol 90:103792.
https://doi.org/10.1016/j.etap.2021.103792

Tanaka M, Chock PB (2021) Oxidative modifications of RNA and its
potential roles in biosystem. Front Mol Biosci 8:685331. https://
doi.org/10.3389/fmolb.2021.685331

Trimmel S, Schober M, Lube JA, Meisel TC, Prohaska T, Irrgeher J
(2026) Biomonitoring with bees and bee products: multielement
profiles including technology-critical elements. Monatsh Chem
157:193-205. https://doi.org/10.1007/s00706-025-03425-2

Wang K, Li J, Zhao L, Mu X, Wang C, Wang M, Xue X, Qi S, Wu L
(2021) Gut microbiota protects honey bees (Apis mellifera L.)
against polystyrene microplastics exposure risks. J Hazard Mater
402:123828. https://doi.org/10.1016/j.jhazmat.2020.123828

Wu Y, Zheng Y, Chen Y, Wang S, Chen Y, Hu F, Zheng H (2020)
Honey bee (Apis mellifera) gut microbiota promotes host endoge-
nous detoxification capability via regulation of P450 gene expres-
sion in the digestive tract. Microb Biotechnol 13(4):1201-1212.
https://doi.org/10.1111/1751-7915.13579

Zargoosh Z, Ghavam M, Bacchetta G, Tavili A (2019) Effects of eco-
logical factors on the antioxidant potential and total phenol con-
tent of Scrophularia striata Boiss. Sci Rep 9(1):16021. https://
doi.org/10.1038/s41598-019-52605-8

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1038/s41467-024-52421-3
https://doi.org/10.3390/su16051713
https://doi.org/10.1016/j.redox.2021.101901
https://doi.org/10.1016/j.redox.2021.101901
https://doi.org/10.1080/01926230290166724
https://doi.org/10.3390/toxics11080661
https://doi.org/10.3390/toxics11080661
https://doi.org/10.1016/j.scitotenv.2023.169318
https://doi.org/10.1016/j.scitotenv.2023.169318
https://doi.org/10.2147/CIA.S158513
https://doi.org/10.2147/CIA.S158513
https://doi.org/10.3390/insects12080716
https://doi.org/10.1038/s41598-024-79274-6
https://doi.org/10.3390/insects14110874
https://doi.org/10.1093/ajcn/79.5.727
https://doi.org/10.1016/j.scitotenv.2024.177391
https://doi.org/10.3390/toxics13080698
https://doi.org/10.3390/toxics13080698
https://doi.org/10.1016/j.ecoenv.2021.112008
https://doi.org/10.1016/j.ecoenv.2021.112008
https://doi.org/10.1016/j.scitotenv.2021.146398
https://doi.org/10.1016/j.scitotenv.2021.146398
https://doi.org/10.1002/pan3.10314
https://doi.org/10.1002/pan3.10314
https://doi.org/10.1016/j.chemosphere.2016.08.077
https://doi.org/10.1038/nature20588
https://doi.org/10.1002/etc.5793
https://doi.org/10.1016/j.etap.2021.103792
https://doi.org/10.3389/fmolb.2021.685331
https://doi.org/10.3389/fmolb.2021.685331
https://doi.org/10.1007/s00706-025-03425-2
https://doi.org/10.1016/j.jhazmat.2020.123828
https://doi.org/10.1111/1751-7915.13579
https://doi.org/10.1038/s41598-019-52605-8
https://doi.org/10.1038/s41598-019-52605-8

	Exploring oxidative stress and epigenetic biomarkers in bees: insights into health effects of air pollution and diet – a pilot study
	Abstract
	Introduction
	Materials and methods
	Study area and sample collection
	Chemicals and reagents
	Bee sample preparation
	HPLC‒MSMS analysis
	Statistics

	Results and discussion
	Study limitations and future directions
	Conclusion
	Acknowledgements 
	References


