W) Check for updates

Toxicology and
Article Industrial Health

Toxicology and Industrial Health
2020, Vol. 36(3) 170-180

Characteristics of iron status, oxidation © The Author(s) 2020

Article reuse guidelines:

response, and DNA methylation profile DO 10.1177107452537209 8665
. . . ° journals.sagepub.com/home/tih
in response to occupational iron oxide ©SAGE

nanoparticles exposure

Min Yu'®, Xingfan Zhou?, Li Ju', Man Yu',
Xiangjing Gao®, Meibian Zhang® and Shichuan Tang?

Abstract

Although the growing development and application of iron oxide nanoparticles (IONPs) may pose exposure risk
and adverse health outcomes, biological changes due to occupational exposure remain unexplored. This cross-
sectional study recruited 23 workers at a plant that manufactures IONPs and 23 age- and sex-matched controls
without metal-rich occupational hazards exposure. Exposure metrics at worksites were monitored, and iron
status, oxidation markers, and methylation profiles of genomic DNA in peripheral blood were measured using
corresponding enzyme-linked immunosorbent assays and methylation-specific polymerase chain reaction (PCR),
respectively. The mass concentration, number counting, and surface area concentration of airborne particles at
the worksite significantly increased during the work process of manufacturing/handling IONPs. Overall, com-
pared to controls, workers exhibited increased 5-hydroxymethylcytosine (5hmC) levels without changes in
5-methylcytosine (5mC), hepcidin methylation, iron, soluble transferrin receptor (sTfR), ferritin, hepcidin,
8-hydroxydeoxyguanosine, and glutathione. A positive correlation was found between 5hmC and IONP expo-
sure year with adjustment for age, sex, and cotinine using partial correlation analyses (r = 0.521, p <0.001). After
stratification of INOPs exposure and 5hmC levels, the univariate general linear model with adjustment for age,
sex, and cotinine found that the estimated mean levels of 5mC and sTfR in subjects with low and high 5hmC levels
among controls were | 1% and 14.4% (p < 0.01) and 80.9 nM and 70.3 nM (p < 0.05), respectively. The estimated
mean levels of sTfR in workers and controls with low 5hmC levels were 88.3 nM and 68.7 nM (p < 0.01).
Multivariate linear regression analyses suggested an association between sTfR and 5hmC (standardized 3 =
—0.420, p = 0.014) and female sex (standardized 3 = 0.672, p < 0.001) for subjects with low 5hmC levels. These
findings suggest that increased 5hmC could be differentially employed to monitor an epigenetic signature with
steady iron homeostasis for occupational IONP-exposed individuals who are likely to experience early but
specific decreased sTfR, especially for females concurrent with the onset of increment in 5hmC at low level.
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Introduction

Iron oxide nanoparticles (IONPs) are produced by
chemical, physical, and biological methods, exhibit
distinct physical and chemical characteristics, and are
employed in many fields, such as medicine, environ-
mental remediation, agriculture, and industry (Ali
et al., 2016). At workplaces, IONPs may not only
introduce exposure risks for workers at production
and postsynthesis stages but also contaminate the air
environment during cleaning and maintenance (Ding
et al., 2017). Aerosol IONPs at worksites that manu-
facture IONPs are likely to exist at higher numbers
and surface area levels under manual or semiauto-
matic operations than at sites without such activities
(Xing et al., 2015; Zou et al., 2015). Insufficient con-
trol strategies may not appropriately control IONPs
emission (Babik et al., 2018). Accordingly, IONPs are
increasingly a source of hazard for at-risk workers,
and the potential for adverse biological effects and/
or toxicity remains critical (Kornberg et al., 2017).

Inhaled IONPs into the lungs may either undergo
elimination through lung-associated lymph nodes or
pass through the alveolar-capillary barrier into the
circulation, which increases the risk for local and
systemic toxicity (Sutunkova et al., 2016; Zhu
et al., 2009). IONP-induced toxicity involves the
extent of iron release and oxidative stress that is
accompanied by reduced antioxidant activity and the
formation of the indirect DNA damage marker
8-hydroxydeoxyguanosine (8-OHdG) (Laffon et al.,
2018; Valdiglesias et al., 2016). In addition to oxida-
tion indices, iron transport mediators were also
involved as a response to IONPs in a rodent experi-
ment (Yang et al., 2015). The metabolic pathway of
inhaled IONPs likely involves transferrin and ferritin
(Arami et al., 2015), the latter of which plays a role in
regulating IONP degradation in a physiological rele-
vant in vitro environment (Volatron et al., 2017).
Nevertheless, the impact of [IONPs on iron status and
oxidant response markers has not yet been elucidated
for individuals with occupational exposure.

Global and/or loci-specific DNA methylation sig-
natures varied with different nanoparticle and biolo-
gical systems (Wong et al., 2017). The global DNA
methylation indices 5-methylcytosine (5SmC) and
5-hydroxymethylcytosine (5ShmC) can be differen-
tiated with an enzyme-linked immunosorbent assays
(ELISA) in particulate matter exposure research
(Sanchez-Guerra et al., 2015). 5ShmC is derived from
5mC oxidation, which is likely mediated by iron ion

and oxidant responses (Dao et al., 2014). The major
regulator of systemic iron homeostasis and iron
excess relevant oxidation is hepcidin, which appears
to be regulated by DNA methylation (Gozzelino and
Arosio, 2016; Sharp et al., 2018). The global and iron
sensor gene-specific DNA methylation patterns
require further investigation because of the scarcity
of data on IONP-induced DNA methylation (Brzoska
et al., 2019).

This study aimed to characterize global and
hepcidin-loci-specific DNA methylation patterns and
to elucidate the possible effect of DNA methylation
signature on iron status and oxidant markers in IONP-
exposed workers. Thus, this study may facilitate
knowledge on IONP-induced epigenetic modification
of biological effects in the real world.

Materials and methods

Subjects

The selection criteria of the investigated IONP-
exposed workers in this cross-sectional study were
as follows: (1) individuals who could experience
exposure to IONPs during the work process, (2) indi-
viduals who did not have hematology and pulmonary
abnormality, and (3) individuals who could provide
peripheral blood samples. Accordingly, 23 first-line
employees were recruited as workers in a plant that
manufactures ferric oxide nanoparticles. As docu-
mented in our previous study, this environment thus
poses a contamination risk of Fe and O elements-
enriched airborne aerosols with spindle-like morphol-
ogy and unimodal size distribution around 10—15 nm
(Xing et al., 2015). Each worker was matched to a
control individual from another plant who did not
handle and/or produce nanomaterials, based on gen-
der, age (difference <3 years), without metal-rich
particulate matter and/or hazards exposure history at
the worksite, and with no hematology and pulmonary
abnormalities. Thus, 23 age- and sex-matched con-
trols were ultimately selected. Next, peripheral blood
samples from these 46 subjects were collected during
a routine annual occupational medicine screening pro-
gram, and their anticoagulated whole blood and serum
were from whole blood without an anticoagulant
stored at —80°C until further analyses.

Analysis of exposure metrics

Sampling was performed before and during the work
process of manufacturing/handling IONPs at the
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worksite to determine the exposure metrics levels,
including mass concentration in mg/m?>, number
counting in particles/m?, and surface area concentra-
tion in pum*/cm’, according to a monitoring strategy
and instrument that is described previously (Xing
etal., 2015). Briefly, DustTrak 8530 (TSI, Shoreview,
Minnesota, USA), P-TRAK 8525 (TSI), and Aero-
Trak™ 9000 (TSI) instruments were employed for
30 min at the worksite prior or during the work pro-
cess to characterize mass concertation of particles that
ranged from 100 nm to 1000 nm, number counting of
particles that ranged from 20 nm to 1000 nm, and
surface area concentration of particles that ranged
from 10 nm to 1000 nm, respectively.

Iron status parameter measurements

The iron concentration in units of 4M was determined
using 500 pL of serum and a serum iron assay Kkit,
which is based on the reaction between ferrous iron
and dipyridine according to the manufacturer’s
instructions (Beijing BioRab Tech Co. Ltd., China).
Hepcidin, ferritin, and soluble transferrin receptor
(sTfR) levels were measured with 10 pL of serum
in 40 pL of dilution buffer, as suggested in the corre-
sponding protocol for each ELISA kit (Jiangsu
MeiMian Industrial Co. Ltd., China). The correspond-
ing minimum detectable concentrations were 1.0 ng/
mL, 0.1 ng/mL, and 0.1 nM, respectively.

DNA methylation profile analyses

Genomic DNA was extracted from 200 pL of whole
blood using a Blood Genomic DNA Mini Kit (cwbio-
tech, China). DNA (100 ng per sample) was coated
onto the wells of each plate, followed by blocking
with anti-5mC and secondary antibody incubation,
color development, and absorbance measurement at
450 nm, according to the 5-mC quantification instruc-
tion of the 5-mC DNA ELISA kit (Zymo Research,
Irvine, California, USA).

For quantification of ShmC, after the anti-ShmC
polyclonal antibody coating and blocking process in
each well of the 96-well plate, 100 ng of DNA per
sample was subjected to DNA binding, anti-DNA
horseradish peroxidase (HRP) antibody incubation,
color development, and absorbance detection at
405 nm, as instructed by the protocol of Quest
5-hmC™ DNA ELISA Kit (Zymo Research).

Hepcidin gene methylation levels were determined
using methylation-specific polymerase chain reaction
(PCR). Briefly, methylation (M)- and nonmethylation

(U)-specific primers that corresponded to a hepcidin
sequence that ranged from 192 bp to 1292 bp were
designed using MethPrimer (Li and Dahiya 2002) and
are described as follows: hepcidin (M): (left): 5'-
TTTTATTTTTTAGGGTTGTGGTTTC-3/, (right):
5'-CCAATTATTAATCTTATCCCTCCG-3/, and
the amplification length was 173 bp; hepcidin (U):
(left): 5-TTTATTTTTTAGGGTTGTGGTTTTG-3,
(right): 5-CAATTATTAATCTTATCCCTCCACC-
3/, and the amplification length was 171 bp. Then,
200 ng of DNA was subjected to bisulfite conversion
using a Methylamp™ DNA Modification Kit (Epi-
gentek, Farmingdale, New York, USA). Modified
DNA (2 puL) was employed for PCR reaction at
56.4°C and 53.9°C to anneal the M and U primers,
respectively. The PCR cycles were set to 40 in a
Thermal Cycler according to the instructions of Zymo
Taq™ DNA Polymerase (Zymo Research). Next,
unmethylated and methylated PCR products of each
DNA sample from the matched controls and workers
simultaneously underwent electrophoresis in the same
2% agarose gel, followed by measurements of band
intensity using Image J software (NIH, Bethesda,
Maryland, USA) with the same analyzed region size,
similar background adjustment, and the same band
intensity reading criteria. Lastly, the methylation per-
centage per sample was calculated as follows: M% =
100 x (the intensity of M PCR product/the sum of
intensity of M and U products).

Evaluation of oxidation response indices

The 8-OHdG and glutathione levels were determined
using 10 pL of serum in 40 pL of dilution buffer as
suggested in the corresponding ELISA kits (Jiangsu
MeiMian Industrial Co. Ltd.). The minimum detect-
able concentration of 8-OHdG and glutathione was
0.1 ng/mL and 0.1 uM, respectively. A 50 pL aliquot
of 5-fold diluted serum was mixed with 100 pL of
HRP-conjugated reagent in the selected wells in a
96-well plate, followed by incubation at 37°C for 60
min, washing using wash solution, color development
using 100 pL of tetramethylbenzidine substrate solu-
tion, reaction termination with 50 uL of stop solution
that contains sulfuric acid, and absorbance reading at
450 nm, according to the corresponding instruction of
8-OHdG and glutathione ELISA kit.

Cotinine concentration determination

The Cotinine ELISA kit (Abnova, China), which is a
solid-phase competitive ELISA that has a minimum
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Table I. Baseline information of IONP-exposed workers and nonexposed controls.?

Controls Workers

(n=123) (n=23) p Value
Age (years) 47 (39-50) 46 (40-51) 0.869
Female (n, %) 13, 26.5% 13, 26.5% 1.000
Work history (year)® — 2.0 (0.5-2.5) —
Number countingzo_1000 nm (10°/cm®)° — 0.11 (0.09-0.12)¢ 0.36 (0.32-0.48)° <0.001°
Mass concentration;oo_i000 nm (Mg/m>)° — 0.04 (0.04-0.05)¢ 0.24 (0.24-0.26)° <0.001°

Surface area concentration|g_;000 nm —
(nm?/em?®)©

81.77 (80.46-83.75)* 169.90 (133.40-208.30)° <0.001f

Cotinine (ng/mL) 0.88 (0.26-6.30) 0.57 (0-31.46) 0.581
IONP: iron oxide nanoparticles.
?Data are presented as median (interquartile range,s_ss) or number with percentage. —: not applicable.

®The year at worksite in a plant that manufactures ferric oxide nanoparticle.
)4 P P
“Mass concentration of particles that range from 100 nm to 1000 nm, number counting of particles that range from 20 nm to 1000 nm,
and surface area concentration of particles that range from 10 nm to 1000 nm, respectively.
P g P Y
9Background measurements for 30 min before the work process of manufacturing/handling IONPs at worksite for workers.
¢Measurements during the work process of manufacturing/handling IONPs for 30 min at worksite for workers.

*b Value was determined between measurement d and e.

detectable level of 1 ng/mL, was used to measure
cotinine concentration in 10 pL. of serum, according
to the manufacturer’s protocol. Briefly, 10 uL of undi-
luted serum was added to the selected wells of a 96-
well plate and then mixed with 100 pL of the enzyme
conjugate, followed by incubation at room tempera-
ture for 60 min, washing with wash buffer, mixing
with 100 pL of substrate reagent, reaction terminating
using 100 pL of stop solution, and absorbance mea-
surement at 450 nm.

Statistical analysis

The qualitative data are presented as numbers and
percentages and were compared using x? tests. The
quantitative data are presented as median with inter-
quartile range,s_75. The cutoff points of ShmC were
determined using interquartilesy of each group, fol-
lowed by the indicated analysis when applicable.
Comparisons between the two groups were performed
with Mann—Whitney U tests. Correlation coefficients
between variables were determined using partial cor-
relation analysis with adjustments for age, sex, and
cotinine. To further exclude the possible impact of
age, sex, and cotinine on variables changes, general
linear regression (univariate) was used to estimate
variable levels. Next, the efficiency of age, sex, coti-
nine, ShmC, and INOPs exposure history in predicting
candidate variables was determined using multivari-
ate linear regression analysis with stepwise method
when applicable. All analyses were carried out with
IBM SPSS Statistic version 22 and GraphPad Prism

version 6.0, and p < 0.05 was considered as statisti-
cally significant.

Results

The median duration of the working period was 2.0
years for workers with occupational IONP exposure,
and their median age, sex, and mean cotinine levels
were comparable to their counterparts (controls) who
did not experience IONP exposure. Meanwhile,
increased levels of mass concentration, number
counting, and surface area concentration of airborne
particles were observed during the work process of
manufacturing/handling IONPs (Table 1).

Iron, sTfR, ferritin, and hepcidin concentrations in
sera were comparable between workers and controls
(Figure 1). Significantly greater ShmC median levels
in workers were found than in controls, but no signif-
icant differences in 5SmC, hepcidin gene methylation,
8-OHdG, and glutathione levels were found (Figure 2).

Table 2 summarizes the feature of DNA methyla-
tion profile, iron status, and oxidative response
indices stratified by interquartile rangesy level of
ShmC of controls and workers. Within controls, sig-
nificantly higher SmC levels were found in subjects
with high ShmC levels than the others with low ShmC
levels. Additionally, significantly higher SmC levels
were found in workers than controls with low ShmC
levels. Nevertheless, no other investigated indices sig-
nificantly varied in subgroup analyses.

Overall, a positive correlation between working
history and ShmC was found after adjusting for
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Figure |. Measurements of serum iron status markers in IONP-exposed workers and nonexposed controls. (a) Iron, (b)
hepcidin, (c) ferritin, and (d) sTfR. The error bar indicates median and interquartile range;s 75s. IONP: iron oxide

nanoparticles; sTfR: soluble transferrin receptor.

cotinine, age, and sex in partial correlation analyses
that included both workers and controls, although no
significant relationship between working history and
5hmC among workers was evident. Meanwhile,
ShmC was positively correlated with SmC and nega-
tively correlated with sTfR in controls (Table 3).
Moreover, the univariate general linear model with
adjustments for cotinine, age, and sex showed that
significantly lower estimated mean levels of SmC and
significantly higher estimated mean levels of sTfR
were found in subjects with low ShmC levels than the
others with high ShmC levels within controls, respec-
tively. Intriguingly, the estimated mean level of sTfR
was significantly less in workers than controls for
subjects with low ShmC levels (Table 4). Additional
multivariate linear regression analyses indicated that
5hmC, age, sex, and cotinine were not associated with
sT{R, although 5ShmC (standardized 5 = 0.526, p =
0.004) and age (standardized 5 = 0.422, p = 0.018)
correlated with 5mC for controls (adjusted R* =
0.414, p = 0.002). Meanwhile, reduced sTfR levels
were associated with increased ShmC (standardized
6 =—0.420, p = 0.014) and female sex (standardized
6 = 0.672, p < 0.001) for subjects with low ShmC
levels (adjusted R* = 0.461, p = 0.001).

Discussion

To our knowledge, this is the first field report that
suggests that inhaled IONPs can increase ShmC with-
out affecting SmC, iron sensor gene loci DNA methy-
lation, or oxidant markers. sTfR reduction concurrent
with onset of increment in ShmC might be observed
for subjects, especially for females even at low ShmC
levels, which provides a tentative iron metabolic mar-
ker for monitoring IONP-exposed workers with spe-
cific global DNA methylation patterns.

Both acute and chronical IONP exposure via the
respiratory tract cause alveolar cell damage and
epithelial-blood barrier impairment (Park et al.,
2015; Srinivas et al., 2012), which may facilitate
IONP translocation between its primary deposited
organ and the blood through a diffusion mechanism,
especially for particulates with small size and high
penetrability (Sutunkova et al., 2018). Meanwhile,
IONPs likely release iron ions when they encounter
biological fluid that is derived from the lung or blood
(Sutunkova et al., 2018). Intravenous injection of
IONPs to rats increased plasma iron concentrations,
which persisted for at least 120 days and were con-
current with elevated plasma ferritin and reduced
transferrin (Milto et al., 2014). Increased ferritin and



Yu et al.

(@) »s-
20
-o-: : l-:- - L
’d 15 4 _:_'_" °
10 1 b aad
e%ee o
5 1 ™
0 T T
workers controls
C
(©) -
i @
30 -
ag
20
. ° a®
10 1 .S b .I!i
0
workers controls
(€) 1001 oo i
)
90 4 °® ]
am
e 801 —— L]
> —ay3ie %
70 yes "
" >4 1
]
60 L]
50 . :
workers controls

175
b
®) ,, -
15 - °3. ="
. . o
E 10 A
= [}
5 1 ® : =
e® n
0 e ]
workers controls
(d) g p<0.001
- )
0.20 -
o 0.15 = ...
0.10 A
L J L ]
0.05 1 . ;:IE;
0 T
workers controls

Figure 2. Oxidation response markers and DNA methylation profile in peripheral blood in IONP-exposed workers and
nonexposed controls. (a) Glutathione, (b) 8-OHdG, (c) 5mC, (d) 5hmC, and (e) hepcidin gene methylation level. The
error bar indicates median and interquartile range,s_75. IONP: iron oxide nanoparticles; 5hmC: 5-hydroxymethylcytosine;
5mC: 5-methylcytosine; 8-OHdG: 8-hydroxydeoxyguanosine.

reduced TfR levels were observed in an IONP-
exposed macrophage model, and the increased ferri-
tin, which was localized near particulate aggregates,
was noted in mice that were injected with IONPs
(Rojas et al., 2017). The availability of metallic nano-
particles in the body may differ based on the exposure
routes, in which injection generally has higher bioa-
vailability than inhalation with a proposed rate
approaching 5% (Lin et al., 2015). The low pulmon-
ary bioaccessibility of iron has been attributed to the
absent impact of an occupation (e.g. welding) that
involves respiratory iron exposure on serum biomar-
kers suggestive of iron status, such as hepcidin and
ferritin (Casjens et al., 2014). However, iron meta-
bolic indices in response to occupational intrapulmon-
ary IONP exposure are still lacking. In rats with
single-dose intratracheal exposure of IONPs during

a 50-day observation period, a rapid and sharp
increase in blood iron levels occurred within 1 week,
followed by a declining trend (Zhu et al., 2009).
Herein, without consideration, the DNA methylation
patterns, neither serum iron nor ferritin, hepcidin, or
sTfR, showed significant changes in workers who
were at worksites with aerosol IONP contamination
for an extended period, which is consistent with the
concept that abnormal levels of iron metabolic mar-
kers are transient and persist no longer than 4 days for
healthy volunteers with bronchial instillation of iron
oxide (Ghio et al., 1998).

Occupational aerosol IONP exposure seems to
increase the levels of oxidation markers, including
8-OHdG, in exhaled breath condensate, but not in
urine (Pelclova et al., 2016) or in serum as reported
in the present study. Inhaled IONP-induced oxidation
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Table 3. Correlation efficiencies between 5hmC and working history, iron status, and oxidative response indices in

IONP-exposed workers and nonexposed controls.

Working Hepcidin gene
history 5mC methylation Iron Hepcidin  Ferritin sTfR Glutathione  8-OHdG
5hmC?
r 0.521 0.245 —0.059 —0.094 0.099 0.054 —0.123 0.031 0.014
p <0.001 0.114 0.707 0.551 0.527 0.730 0431 0.843 0.930
5hmC®
r — 0.476 <0.001 —0.057 0426 —0.256 —0.671 0.396 —0.309
p 0.034 0.999 0.812 0.061 0.276  <0.001 0.084 0.185
5hmC*
r —0.040 0.019 —0.187 —-0.027 —0.135 0.231 0.171 —0.290 0.250
p 0.867 0.935 0.431 0.909 0.570 0.328 0.472 0.215 0.287

IONP: iron oxide nanoparticles; Working history: the year at worksite in a plant that manufactures ferric oxide nanoparticle; 5mC: 5-
methylcytosine; 5hmC: 5-hydroxymethylcytosine; sTfR: soluble transferrin receptor; GSH: glutathione; 8-OHdG: 8-

hydroxydeoxyguanosine; —: not applicable.

?Results were determined using partial correlation analyses with adjustments for age, sex, and cotinine in both controls and workers.
PResults were determined using partial correlation analyses with adjustments for age, sex, and cotinine in controls.
“Results were determined using partial correlation analyses with adjustments for age, sex, and cotinine in workers.

appears to be readily and sensitively detectable in the
airway, which is a primary deposited site, rather than
in the circulation or excretory system of the body.
Moreover, the lack of evidently dysregulated levels
of iron and iron metabolic indices in the circulation
system of participants who were exposed to I[ONPs, as
found by the present study, contrasts the proposed
mechanism underlining IONP-induced oxidative
stress and dysregulated interaction between labile iron
pool and iron regulation players (Kornberg et al.,
2017), which partially contribute to the unchanged
8-OHdG levels. Meanwhile, the reserved level of
GSH, which prevents oxidation and DNA damage,
might also counter against unfavorable §-OHdG
changes (Abu-Shakra and Zeiger, 1997; Kart et al.,
2016).

A previous field report (Liou et al., 2017) and the
current data demonstrate the capacity of indium tin
oxide and silica, but not titanium oxide and IONPs, to
induce global DNA hypomethylation, which supports
the concept that discrepant epigenetic effects are
induced by occupational metal oxide nanoparticles
that are exposed to different chemical composition
(Sierra et al., 2016). IONP-exposed, but not nonex-
posed, individuals failed to verify the positive associ-
ation between SmC and ShmC, regardless of hazards
exposure (e.g. metal and ambient air pollution)
(Sanchez-Guerra et al., 2015; Tellez-Plaza et al.,
2014), which suggest the possible modification of
nanoparticles in the relationship between ShmC and
5mC. Herein, IONP exposure differentially increased

ShmC, while SmC remained unchanged. Enhanced
ShmC was due to in vitro labile iron pool augmenta-
tion (Camarena et al., 2017), which did not occur for
IONP exposure-enhanced ShmC in vivo because no
changes in iron status were observed. High ShmC
level was consistently identified for IONP-exposed,
as compared to nonexposed individuals, even in the
presence of low ShmC levels. In addition, elevated
ShmC and female sex appeared to be indicators of
sTfR reduction. IONP-exposed individuals poten-
tially experience reduced sTfR, especially in females,
even with relatively lower ShmC content. The possi-
ble role of ShmC in the active demethylation process
and/or stress response (Shi et al., 2017) is unlikely to
explain the sTfR changes through ShmC-mediated
iron sensor gene dysmethylation mechanism due to
the lack of association between ShmC and hepcidin
methylation. The detailed biological meaning of
decreased sTfR for IONP-exposed individuals with
low 5ShmC remains elusive but may partially reflect
the disrupted new iron metabolic equilibrium due to
an undertermined interaction between sTfR and iron
transferrin (Schreinemachers and Ghio, 2016;
Speeckaert et al., 2010).

The IONP exposure determination (yes/no) in this
study is a binary variable that is based on the year of
working history and provides no personal exposure
quantification. Nevertheless, the exposure metrics
analyzed in this study during the work process of
manufacturing/handling IONPs indicate the possibil-
ity of INOP release. Meanwhile, the comprehensive
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iron metabolic markers that were reported in this
study may reflect certain internal chemical
composition-specific indices changes. Although
methylation-specific PCR with gel image analysis is
a sensitive and convenient method for rapid detection
of DNA methylation of a locus of interest in bodily
fluids (Ramalho-Carvalho et al., 2018), the hepcidin
methylation status in peripheral blood measured here
was semiquantitative. Further comprehensive meth-
ods with absolute hepcidin methylation measure-
ments are warranted. Moreover, the nature of the
cross-sectional design with limited sample size pre-
cludes causal interpretations. Nevertheless, the pres-
ent study extends our knowledge regarding metal
nanoparticles-induced epigenetic changes as explored
with comparable sample sizes (Liou et al., 2017) and
necessitates further investigations recruiting larger
population with longer-term observations.

Workers
5hmC (%)
12) High (n = 10)
14.8 (11.7-17.9)

Controls
14.1 (11.2-16.9)

High (n

Workers
Low (n = 13)
14.4 (12.0-16.9)

5hmC (%)

Conclusion

Controls

Elevated 5ShmC may be differentially employed to
monitor an epigenetic signature with steady iron
homeostasis in occupational IONP-exposed individu-
als, who are likely to experience early but specific
decreases in sTfR, especially for females concurrent
with the onset of increment in ShmC at low levels.

Low (n = 11)
10.7 (8.0-13.4)

High (n = 10)
15.4 (11.7-19.1)
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11.0 (9.5-12.4)
were determined using interquartilesy values of controls and workers, respectively. Data are presented as median (interquartile range,s_zs).

®Comparison of sTfR level between subjects with low and high 5hmC levels within controls (p < 0.05).

“Comparison of sTfR level between controls and workers with low 5hmC level (p < 0.01).
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Table 4. Estimated mean value with 95% confidence interval of sTfR and 5mC in IONP-exposed workers and nonexposed controls by 5hmC levels.?

IONP: iron oxide nanoparticles; 5ShmC: 5-hydroxymethylcytosine; 5mC: 5-methylcytosine; sTfR: soluble transferrin receptor.
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