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Luca Ferrari1,2*†, Paola Monti1†, Chiara Favero1,

Michele Carugno1,2, Letizia Tarantini1, Cristina Maggioni1,
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Valentina Bollati1,2

1EPIGET Lab, Department of Clinical Sciences and Community Health, Università Degli Studi di

Milano, Milan, Italy, 2Occupational Health Unit, Fondazione IRCCS Ca’ Granda Ospedale Maggiore
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Introduction: Night shift (NS) work has been associated with an increased

risk of di�erent conditions characterized by altered inflammatory and immune

responses, such as cardio-metabolic and infectious diseases, cancer, and

obesity. Epigenetic modifications, such as DNA methylation, might mirror

alterations in biological processes that are influenced by NS work.

Methods: The present study was conducted on 94 healthy female workers

with di�erent working schedules and aimed at identifying whether NS was

associated with plasmatic concentrations of the inflammatory proteins NLRP3

and TNF-alpha, as well as with DNA methylation levels of ten human

endogenous retroviral (HERV) sequences, and nine genes selected for their

role in immune and inflammatory processes. We also explored the possible

role of the body mass index (BMI) as an additional susceptibility factor that

might influence the e�ects of NS work on the tested epigenetic modifications.

Results and discussion: We observed a positive association between NS

and NLRP3 levels (p-value 0.0379). Moreover, NS workers retained di�erent

methylation levels for ERVFRD-1 (p-value = 0.0274), HERV-L (p-value =

0.0377), and HERV-P (p-value = 0.0140) elements, and for BIRC2 (p-value =

0.0460), FLRT3 (p-value = 0.0422), MIG6 (p-value = 0.0085), and SIRT1 (p-

value = 0.0497) genes. We also observed that the BMImodified the relationship

between NS and the methylation of ERVE, HERV-L, and ERVW-1 elements.

Overall, our results suggest that HERV methylation could pose as a promising

biomolecular sensor to monitor not only the e�ect of NS work but also the

cumulative e�ect of multiple stressors.

KEYWORDS
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1. Introduction

In modern “24-h society,” flexible working schedules are becoming increasingly

common, with the healthcare industry having one of the highest percentages of night shift

(NS) workers to guarantee continuous assistance to patients (1, 2). However, irregular

sleep/wake patterns and chronic sleep deprivation could result in disruption of circadian
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rhythms, i.e., biochemical and behavioral fluctuations

synchronized with external 24 h light/dark cycles, with

detrimental consequences on both physical and mental

health; indeed, circadian rhythms control a wide array of

cellular processes, including metabolic homeostasis and

innate immunity (3). Therefore, it is not surprising that NS

work has been associated with an increased risk of several

pathological conditions characterized by altered immune and

inflammatory responses, such as infectious diseases, cancer,

obesity, and cardiometabolic diseases (4, 5). In this scenario,

the identification of molecular modifications mirroring such

a complex pattern of biological processes affected by NS

work could be of great interest. Besides, this could also help

monitor the efficacy of health promotion strategies aimed

at reducing NS detrimental effects. Epigenetic modifications

such as DNA methylation (i.e., the covalent addition of

a methyl group to the C5 position of cytosines, generally

occurring at CpG sites) may be suitable candidates since

they are known to modulate gene expression in response to

a wide array of environmental and lifestyle stressors (6–8).

A growing body of literature has reported that NS workers

retain an altered methylation profile of clock genes, i.e., the

set of genes controlling circadian rhythmicity (9–12). Also,

genes involved in the inflammatory process (13, 14) and

cancer development (3, 14, 15) are differentially methylated

in subjects working at night. Such methylation modifications

could also be exacerbated by additional stressful conditions

associated with systemic low-grade inflammation, such as being

overweight (16).

In this framework, human endogenous retroviruses

(HERVs) are one of the most abundant classes of repetitive

elements (REs), accounting for 8% of the human genome (17).

These sequences originated from ancestral retroviruses that

infected the primates’ germ line and integrated into the host

genome, thus being vertically transmitted across generations;

however, the progressive accumulation of sequence changes

within HERVs has re-shaped them into novel elements at the

service of the host cell innate immune system, modulating the

inflammatory response after different environmental triggers

(18, 19).

Based on this evidence, HERV sequences may likely respond

to NS work by changing their methylation status, with potential

implications in the innate immune/inflammatory processes.

Being NS work a potential risk factor for infectious and

cancer diseases, the immune escape mechanisms might also be

involved. Indeed, environmental stressors can affect the capacity

of pathogen and tumor cells to evade the immunogenic response

by altering the host defense mechanisms (20, 21).

To test this hypothesis, we designed a cross-sectional study

to investigate the effects of NS work on inflammation and

the methylation of HERV elements and a subset of immune

escape-related genes. The analyses were conducted on blood

samples of healthy nurses with different NS working schedules,

who have been recruited in the context of previous research

(15, 22). First, we evaluated whether NS work is associated

with the plasmatic concentration of the NLR family pyrin

domain containing 3 (NLRP3) and the tumor necrosis factor-

alpha (TNF-alpha) inflammatory markers. Second, we tested

the association between NS work and the methylation of a

panel of 10 HERV elements and 10 genes involved in immune

evasion. Finally, we explored the possible role of the body mass

index (BMI) as an additional susceptibility factor, potentially

influencing the association of NS work with gene methylation.

2. Materials and methods

2.1. Study population and blood sample
collection

The study population consisted of 97 female nurses working

at the Fondazione IRCCS Ca’ Granda Policlinico Hospital in

Milan, Italy, who were enrolled voluntarily in the context of

previous research works, as extensively described in previous

studies (15, 22). The study was conducted according to the

guidelines of the Declaration of Helsinki and approved by

the Institutional Review Board Comitato Etico Milano Area

2 of the Fondazione IRCCS Ca’ Granda Ospedale Maggiore

Policlinico (approval number 702_2015). As previously reported

(15), eligibility criteria included: being a female of Caucasian

ethnicity, age 30–45 years, and with a length of service of at least

1 year. Subjects were excluded if, at the time of the enrolment

were affected by cancer, neurological diseases (e.g., multiple

sclerosis, Alzheimer’s or Parkinson’s disease, epilepsy), or acute

relapses of systemic diseases (e.g., cardiovascular diseases,

diabetes). Other exclusion criteria were antihypertensive or

steroid drug assumption, pregnancy or menopausal status, and

body mass index (BMI) >30. These criteria were adopted to

avoid any confounding due to reverse causation (23).

After giving signed informed consent, all participants

were administered a semi-structured interview to collect

personal data about demographics, lifestyle, and medical

conditions/treatments, as well as information about their shift

work schedules. Current night shift (NS) workers (N = 46), i.e.,

nurses working NS for at least 2 years, were matched by age and

length of service to day shifts (DS) workers. NS workers include

former NS workers, i.e., nurses who have worked NS for at least

2 years and who have quit it for <1 year up to 20 years before

recruitment, as well as nurses who have never worked NS.

Each subject agreed to donate a 12ml blood sample, which

was drawn in the morning (9.00–10.30 a.m.) at the end of the

night shift (for NS nurses) or the beginning of the working day

(for day shifters). Body parameters collected in the questionnaire

were used to calculate the body mass index (BMI), i.e., weight

divided by square height (kg/m2), taken as an indicator of

metabolic health. Complete outcome data (see below) could
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not be assessed for three subjects, and we thus performed our

analyses on 94 nurses.

2.2. Blood processing and quantification
of plasma NLRP3 and TNF-alpha

Blood samples were collected in EDTA tubes and centrifuged

at 1,200 g for 15min to separate plasma, buffy coat, and red

blood cell fractions within 4 h after withdrawal. Plasma aliquots

were stored at −80◦C until use, making sure to avoid repeated

freeze-thaw cycles.

The quantification of plasma NLRP3 was carried out

using a commercial enzyme-linked immunosorbent assay

(ELISA) kit (cat. MBS3802246, MyBioSource), according to

the manufacturer’s instructions. The assay was performed

using 10 µl of plasma for each subject. The quantification

of plasma TNF-alpha was carried out using the Human

TNF-alpha Quantikine HS ELISA kit (cat. HSTA00E, R&D

Systems) according to the manufacturer’s instruction, using 50

µl plasma samples for each subject. A Synergy HT-BioTek

spectrophotometer was used to read the optical density at

450 nm. A blank correction was applied for both assays. For

TNF-alpha measurement, we applied an additional wavelength

correction at 540 nm, as suggested in the assay protocol. Protein

concentration (pg/ml) was determined from the standard curve

(R2 > 0.99). As each sample and standard were tested in

duplicate, the mean value of the two runs was used in the

statistical analysis.

2.3. DNA methylation analysis

DNA extraction from Buffy coat and sodium bisulfite

treatment, followed by amplification of the DNA sequences

of interest and pyrosequencing, were performed according

to the procedure described in Monti et al. (16). PCR cycling

condition and primer sequences used for PCR amplification and

pyrosequencing are reported in Supplementary Table S1. CpG

sites were queried within regulatory regions (promoter

and enhancer regions) of the following genes: ERVE,

ERVFRD-1, ERVH, ERVK, HERV-L, HERV-P, ERV3-1,

ERV9-1, ERVW-1, HRES1, BIRC2, FLRT3, GAL9, IDO1,

LPHN1, MIG6, NLRC5, SIRT1, and XIAP. Every sample was

measured twice for each gene to test the reproducibility of the

experimental setting.

For each gene, methylation levels were calculated as the

percentage of methylated cytosines out of the total number of

cytosines (5-methyl-cytosine+ unmethylated cytosines) at each

CpG site of interest. The designed assays allow the assessment of

a variable number of CpG sites (1–5). Coefficients of variation

for each assay are as follows: ERVE = 0.02, ERVFRD-1 = 0.01,

ERVH = 0.01, ERVK = 0.03, ERVL < 0.01, HERV-P = 0.02,

ERV3-1 = 0.01, ERV9-1 = 0.03, ERVW-1 = 0.01, HRES1 =

0.07, BIRC2 = 0.18, FLRT3 = 0.09, GAL9 = 0.12, IDO1 = 0.03,

LPHN1= 0.06,MIG6 = 0.03, NLRC5= 0.04, SIRT1= 0.14, and

XIAP = 0.01.

2.4. Statistical analysis

Collected data were summarized by standard descriptive

statistics, and a graphical inspection of the main variables

of interest was performed to examine their distribution.

Continuous variables were expressed as mean ± standard

deviation (SD), whereas categorical data were reported as

frequencies (%). The study population was divided into

different groups: current NS workers vs. colleagues who

are currently not working DS (“Yes” vs. “No”), current

+ former NS workers (“ever”) vs. colleagues who have

never worked NS (“never”), and “current” vs. “former” vs.

“never” shifters.

Baseline characteristics by current NS work (yes vs. no) were

reported and compared with a t-test for continuous variables

and the chi-square test or Fisher’s exact test as appropriate for

categorical variables.

To test the association of NS work with the concentration of

plasmatic NLRP3 and TNF-alpha, we applied ANCOVA

models adjusted for age, BMI, smoking habits, use of

oral contraceptives, general health medications, and

ELISA plate.

To estimate the effect of NS work on DNA methylation for

the genes of interest, we fitted linear mixed-effect models to

consider intra-individual correlation due to repeated-measure

data structure. Models were adjusted for age, BMI, smoking

habits, years of NS work, as well as run, CpG position, and their

interaction (run∗position). DNAmethylation measurements for

each subject were run in duplicate. The pyrosequencing-based

DNA methylation analysis tested a variable number of CpG

positions according to CpG density in the promoter assay.

Linear mixed-effect models were used to account for each CpG

dinucleotide position (as a random effect) measured in the two

runs. An unstructured covariance structure was used to model

within-subject errors. Methylation mean levels were calculated

as marginal means.

To examine the potential modifying effect of BMI

on the association between NS and gene methylation,

we added an interaction term between BMI and NS

work in each multivariable linear mixed-effect model.

Differences between study groups were indicated as β

mean differences, standard error (SE), and 95% confidence

intervals (CI). We evaluated whether the effect of NS work

on methylation levels differs depending on BMI levels. The

cut-offs selected for BMI were: 25th percentile (19.8 kg/m2),

50th (22.0 kg/m2), 75th percentile (24.2 kg/m2), and 95th

percentile (29.1 kg/m2).

Frontiers in PublicHealth 03 frontiersin.org

https://doi.org/10.3389/fpubh.2022.1083826
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Ferrari et al. 10.3389/fpubh.2022.1083826

Statistical analyses were performed with SAS software

(version 9.4; SAS, Cary, NC, USA). A two-sided p-value of 0.05

was considered statistically significant.

3. Results

3.1. Characteristics of the study
population

Out of 94 eligible subjects, 44 were working NS at the

enrollment (i.e., current NS), and were matched by age and

length of service with 50 female colleagues who worked day

shifts (DS; Table 1). Among the latter, 28 had never worked

NS, and 22 were former NS workers. The majority of study

participants had a healthy BMI [i.e., 18.5 ≤ BMI ≤ 24.9 kg/m2

(24)]. No significant differences were observed between DS and

NS workers regarding age, length of service, BMI, smoking

habits, and pharmacological treatments (oral contraceptive use,

general health medications, anti-depressive medications, and

sleeping pill). The only exception was the family situation,

regarding the marital status (p-value < 0.0001) and the number

of children (p-value= 0.0026).

3.2. Association between night shift work
and plasma levels of NLRP3 and
TNF-alpha

The average NLRP3 concentration calculated on the whole

study population was 15.38 ± 2.44 pg/ml and the TNF-

alpha concentration was 0.8 ± 0.4 pg/ml. Then, we tested the

possible association between NS work and the plasmatic mean

concentration of NLRP3 and TNF-alpha (Table 2). We observed

a positive association with NLRP3 levels (p-value= 0.0379). We

further tested whether having ever been a shift worker (i.e., ever

vs. never) and being currently a NS worker (i.e., current vs.

former vs. never) was associated with NLRP3 and TNF alpha

concentrations (Supplementary Table S2).

3.3. Association between current NS
work and DNA methylation

We tested whether DNA methylation levels of HERV

elements (ERVE, ERVFRD-1, ERVH, ERVK, ERVL, HERV-P,

ERV3-1, ERV9-1, ERVW-1, and HRES1) and immune-related

genes (BIRC2, FLRT3, GAL9, IDO1, LPHN1, MIG6, NLRC5,

SIRT1, and XIAP) were different in night and day shifters

(Table 3). Statistically significant differences were observed for

ERVFRD-1, ERVL,HERV-P, BIRC2, FLRT3, MIG6, and SIRT1. In

particular, we observed a lower percentage of methylated CpGs

for ERVFRD-1, FLRT3, and MIG6 in night- compared to day-

shifters, whereas ERVL, HERV-P, BIRC2, and SIRT1methylation

was higher in NS nurses.

3.4. E�ect of BMI on the association
between current NS work and DNA
methylation

As overweight could represent an additional susceptibility

factor for NS workers, we evaluated the modification effect of

BMI on the association between current NS work and DNA

methylation of the genes. Interestingly, the only significant

interactions between current NS work and BMI were observed

for HERV genes, in particular for ERVE, ERVL, and ERVW-1

(p-values = 0.007, =0.029, and =0.032, respectively) (Figure 1).

The strength of these associations was evaluated at four fixed

levels of BMI (25th percentile: 19.8 kg/m2, 50th percentile:

22.0 kg/m2, 75th percentile: 24.2 kg/m2, and 95th percentile:

29.1 kg/m2).

For ERVE, the percentage of mCpG sites estimated at BMI=

24.2 kg/m2 was found to be lower in NS workers if compared to

DS (β =−0.91; p-value= 0.0167). The difference becomes even

wider at BMI = 29.1 kg/m2 (β = −2.25; p-value = 0.002) and

it was not significant for lower levels of BMI. On the contrary,

the association between NS and ERVLmethylation was different

for lower-mid BMI values, with higher methylation levels in NS

if compared to DS at BMI = 19.8 kg/m2 (β = 0.59; p-value

=0.003) and BMI = 22.0 kg/m2 (β = 0.39; p-value = 0.010).

Regarding ERVW-1, a slight difference was observed at BMI =

29.1 kg/m2, with NS workers having lower methylation levels (β

=−0.85; p-value= 0.052). The associations between current NS

work and methylation levels at selected BMI values are reported

in Supplementary Table S3.

4. Discussion

In the present study conducted on 94 female workers with

different working schedules, we first evaluated the association

of NS work with plasmatic concentrations of NLRP3 and TNF-

alpha.

NLRP3 and TNF-alpha were chosen as paradigmatic

indicators of innate immune and inflammatory alterations (25).

We found that plasmatic levels of NLRP3 were increased

in NS nurses compared to colleagues with daily schedules.

NLRP3 is a crucial player in host immune defenses by

mediating the activation of caspase-1 and the secretion of

proinflammatory cytokines IL-1β and IL-18 (26). NLRP3

expression is controlled by many endogenous and exogenous

factors, including circadian rhythms (27). A recent study

reported that the core clock component NR1D1 negatively

regulates NLRP3 expression and activation, as well as the
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TABLE 1 Characteristics of the study participants.

Characteristics Total Current night shift p-value

Yes (N = 44) No (N = 50)

Age, years 35.8± 5.4 35.1± 5.4 36.5± 5.4 0.2166

Lenght of service, years 11.6± 6.8 10.4± 5.9 12.7± 7.3 0.0917

Lenght of service with night shift work, years 5.5 [0; 9] 8 [5; 12] 0 [0; 7] <0.0001

BMI, kg/m2 22.5± 3.3 23.0± 3.2 22.2± 3.3 0.2529

Smoking status

Never/former 66 (69.5%) 29 (64.5%) 37 (74.0%) 0.5597

Current smoker 26 (27.4%) 14 (31.1%) 12 (24.0%)

Missing 3 (3.2%) 2 (4.4%) 1 (2.0%)

Marital status

Not married 13 (13.7%) - 13 (26.0%) <0.0001

Married 58 (61.0%) 28 (63.6%) 30 (60.0%)

Divorced/widow 21 (22.3%) 16 (36.4%) 5 (10.0%)

Missing 1 (1.0%) - 2 (4.0%)

Number of children

0 67 (71.3%) 39 (88.7%) 28 (56.0%) 0.0026

1 12 (12.8%) 2 (4.5%) 10 (20.0%)

2 11 (11.7%) 3 (6.8%) 8 (16.0%)

3 4 (4.2%) - 4 (8.0%)

Oral contraceptive use

Yes 34 (35.8%) 18 (40.0%) 16 (32.0%) 0.7687

No 57 (60.0%) 25 (55.6%) 32 (64.0%)

Missing 4 (4.2%) 2 (4.4%) 2 (4.0%)

General health medications

Yes 36 (38.3%) 21 (47.7%) 15 (30.0%) 0.0777

No 58 (61.7%) 23 (52.3%) 35 (70.0%)

Antidepressive medications

Yes 4 (4.3%) 3 (6.8%) 1 (2.0%) 0.3372

No 90 (95.7%) 41 (93.2%) 49 (98.0%)

Sleeping pill

Yes 4 (4.3%) 2 (4.5%) 2 (4.0%) 1

No 90 (95.7%) 42 (95.5%) 48 (96.0%)

Continuous variables are expressed as mean± standard deviation (SD) and discrete variables are expressed as counts (%). We applied Student’s t-test for normal continuous variables and

Chi-square or Fisher’s exact tests for categorical variables.

downstream release of IL-1β and IL-18 (28). Of note, circadian

rhythm disruption results in impaired NLRP3 levels, as

supported by a study reporting NLRP3 overexpression in

mice subjected to sleep deprivation (29). On the contrary,

we found no difference in plasma TNF-alpha concentrations

between the two study groups. TNF-alpha alterations could

be expected among NS workers, as the secretion of this

proinflammatory cytokine is under circadian control (30).

However, data available in the literature are inconsistent,

with studies reporting either positive (31) or negative (30)

associations between NS and plasmatic TNF-alpha levels,

while others observed non-significant differences (32–34). The

recent finding that TNF-alpha knockout and wild-type mice

do not respond differently to sleep deprivation (35) led to
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TABLE 2 Association between NS work and NLRP3 and TNF alpha.

Protein Current night
shift work

Mean 95% CI p-value

NLRP3 Yes 16.24 15.53 16.95 0.0379

No 15.32 14.65 15.99

TNF-alpha Yes 0.76 0.67 0.86 0.6844

No 0.78 0.69 0.89

Estimates were calculated by a multivariable regression model adjusted for age, BMI, smoking habits, oral contraceptive use, general health medications, and ELISA plate.

speculation that other pathways (such as the NLRP3 one)

might have a greater impact on the response to circadian

disruption (25, 35).

Being DNA methylation affected by environmental triggers,

including NS (22, 36), we also examined the methylation

levels of HERV elements, which are implied in immune and

inflammatory responses (18).

Three HERV genes were differentially methylated between

NS and DS workers. In particular, ERVFRD-1 methylation

was lower, while ERVL and HERV-P methylation levels

were higher in nurses working at night. HERVs derive

from ancestral retroviruses that infected the primates’ germ

line and subsequently integrated into the human genome,

thus becoming endogenous elements stably inherited across

generations (18). Indeed, the structural organization of HERVs

resembles that of retroviral DNA, with the gag, pol, and env

genes sided by two long terminal repeats (LTRs) with regulatory

functions. However, the progressive accumulation of sequence

changes within ancestral retroviral elements has led to the

“domestication” of HERVs, leading in most cases to the loss of

protein-coding capacity and the acquisition of novel functions

at the interface between the “self ” and “non-self.” HERVs are

emerging as important players in the host’s innate immune

system by modulating the inflammatory response to pathogens

and other external triggers (18). Being non-unique sequences,

HERVs are generally subjected to transcriptional silencing to

prevent genomic instability (37). Nevertheless, changes inHERV

methylation levels have been reported in response to many

proinflammatory stressors (e.g., environmental toxicants and

lifestyle stressors) with possible pathological outcomes (19).

Given their numerous and largely unexplored physiological

functions, their alterations have been implicated in cancer, as

well as in several autoimmune and inflammatory diseases (38,

39). HERVs can act as pathogen-associated molecular patterns,

triggering both innate and adaptive immune responses (18, 40–

42) by providing antigenic epitopes recognized by lymphocytes

and stimulating the onset of specific T- and B- cells (43, 44).

These mechanisms might be crucial for the involvement of

HERVs in autoimmune diseases, such as multiple sclerosis

(ERVW-1), systemic lupus erythematosus (ERVE and HRES),

rheumatoid arthritis (ERVK), and amyotrophic lateral sclerosis

(ERVK) (45, 46).

On the other hand, HERVs have also been involved

in immune response downregulation, starting from their

crucial role in maternal immune tolerance to their suggested

protective action against undue immune activation (41). The

immune response downregulation underlies HERV involvement

in tumorigenesis. Interestingly, aberrant methylation and

expression of HERV elements have been reported in many

cancer types, including breast, colorectal, and prostate cancer

(39, 46), for which an increased risk has been reported also in

association with NS work (47, 48).

We observed that ERVE, ERVW-1, and ERVL were

differentially methylated depending on the BMI. In particular,

ERVE and ERVW-1 were differentially methylated between

NS and DS at high BMI values, while ERVL methylation

was different for lower-mid BMI values. These results

suggest that the overweight condition might be an additional

susceptibility factor interacting with NS in fostering an

altered immune/inflammatory response modulation. We

recently reported an increase in age acceleration per year

in NS work in subjects with overweight/obesity (22). Thus,

HERV sequences might be considered sensitive indicators

of immune alterations caused by multiple environmental

stress factors.

We further investigated the association between NS work

and the methylation of a subset of immune-related genes.

We found that BIRC2 and SIRT1 methylation was higher

in NS nurses. BIRC2 (Baculoviral IAP Repeat Containing

2) encodes a member of the inhibitors of apoptosis (IAP)

family of proteins. BIRC2 expression is downregulated

by promoter hypermethylation (49, 50), which was also

associated with increased IL-1β production (49, 51). Similarly,

hypermethylation of the SIRT1 gene (encoding the Sirtuin 1,

a deacetylase whose downregulation has been found in many

disease conditions) correlates with lower transcript levels

and with an increased risk of inflammatory and metabolic

diseases (52, 53). SIRT1 affects multiple biological processes

by de-acetylating a variety of proteins including histones

and non-histone proteins. Alterations to SIRT1 methylation,

expression, and activity were linked to inflammatory diseases

(52). It is therefore possible that NS-induced hypermethylation

of such genes might determine an increased inflammation and

susceptibility to related pathological conditions.
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TABLE 3 Association between current NS work and gene-specific methylation.

Gene Current NS
work

Mean methylation
(%5 mCpG)

SE 95% CI p-value

ERVE Yes 84.40 0.26 83.88 84.91 0.1092

No 84.98 0.23 84.52 85.44

ERVFRD-1 Yes 76.91 0.61 75.72 78.11 0.0274

No 78.82 0.56 77.70 79.93

ERVH Yes 86.21 0.32 85.57 86.85 0.3709

No 86.63 0.31 86.02 87.25

ERVK Yes 57.96 0.50 56.97 58.96 0.8785

No 57.86 0.46 56.94 58.77

ERVL Yes 92.32 0.10 92.12 92.53 0.0377

No 92.01 0.10 91.82 92.21

HERV-P Yes 64.60 0.87 62.86 66.34 0.0140

No 61.46 0.82 59.82 63.11

ERV3-1 Yes 98.11 0.24 97.62 98.59 0.5768

No 98.30 0.22 97.86 98.74

ERV9-1 Yes 79.63 0.63 78.37 80.89 0.4526

No 78.94 0.61 77.73 80.16

ERVW-1 Yes 94.16 0.15 93.86 94.46 0.8502

No 94.21 0.14 93.93 94.49

HRES1 Yes 6.41 0.10 6.20 6.61 0.1473

No 6.20 0.09 6.02 6.38

BIRC2 Yes 4.36 0.08 4.19 4.52 0.0460

No 4.12 0.08 3.96 4.27

FLRT3 Yes 1.55 0.08 1.38 1.71 0.0422

No 1.79 0.08 1.64 1.95

GAL9 Yes 2.42 0.07 2.28 2.55 0.7748

No 2.39 0.07 2.26 2.52

IDO1 Yes 5.28 0.22 4.84 5.71 0.8198

No 5.35 0.21 4.93 5.76

LPHN1 Yes 1.16 0.03 1.09 1.23 0.6221

No 1.14 0.03 1.07 1.20

MIG6 Yes 3.82 0.12 3.59 4.05 0.0085

No 4.26 0.11 4.04 4.48

NLRC5 Yes 38.20 1.08 36.05 40.34 0.6937

No 38.80 1.00 36.83 40.76

SIRT1 Yes 8.64 0.47 7.72 9.56 0.0497

No 7.32 0.41 6.51 8.13

XIAP Yes 29.62 0.44 28.76 30.48 0.4490

No 30.09 0.42 29.27 30.92

Methylation means were calculated as marginal means from linear mixed-effect regression model adjusted for age, BMI, smoking habits, years of NS work, run, position, and their

interaction (run∗position).
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FIGURE 1

E�ect modification of BMI on the association between NS work and methylation of ERVE (A), ERVL (B), and ERVW-1 (C). The cut-o�s selected

for BMI were 25th, 50th, 75th, and 95th percentile (19.8, 22.0, 24.2, and 29.1 kg/m2, respectively). Linear mixed regression models were adjusted

for age, BMI, smoking habits, length of service with NS work, the interaction term BMI*current NS work, run, position, and their interaction.

Methylation levels were calculated as marginal means.
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On the contrary, FLRT3 and MIG6 methylation levels

were reduced in NS workers. FLRT3 (Fibronectin leucine-rich

transmembrane protein 3) is a protein involved in cell adhesion

and receptor signaling. Although to our knowledge methylation

levels of the FLRT3 gene have never been investigated

before, FLRT3 overexpression was found to be protective

toward tumorigenesis as it promotes apoptosis and suppresses

epithelial-mesenchymal transition, as well as colorectal cancer

cell proliferation, migration, and invasion (54). Besides, FLRT3

is overexpressed in breast cancer cells and participates in

immune escape processes by regulating the immune receptor

Tim-3 pathway (55). Also, MIG6 (Mitogen-inducible gene-6,

also known as ERRFI1) has been principally studied in the

context of cancer biology, where it poses as a tumor suppressor

that inhibits EGFR signaling.MIG6 hypermethylation results in

transcriptional downregulation (56), which has been observed

in many cancer types; however, the impact of DNA methylation

on MIG6 expression could depend on cancer type, as treatment

with DNA methyltransferase inhibitor 5-aza-2
′

-deoxycytidine

did not always affectMIG6 expression (57).

In the present study, we selectively included workers without

major pathological conditions at the time of enrollment to

specifically focus on the effects of NS work on DNAmethylation

and exclude possible confounding due to ongoing disease

states. The modifications observed might mirror alterations in

biological processes affected by NS work. Future functional

studies are needed to evaluate the effects of DNA methylation

differences reported in the present associative study. Our

findings suggest that DNA methylation of HERV elements and

immune-related genes could be a promising marker to highlight

the complex pattern of inflammatory alterations found in NS

workers (supported by plasmatic NLRP3 increase). However,

prospective studies are needed to explore the causal relationship

between NS exposure and the observed biological modifications,

and eventually evaluate their potential as biomarkers of NS-

related diseases.

We acknowledge some limitations of the present study.

First, the study population is quite small, especially when

it comes to considering BMI classes (the number of study

participants with BMI>29.1 kg/m2 is very small). Second,

we selected the genes of interest based on current evidence

in the literature, and not based on unbiased genome-wide

methylation analysis; therefore, we could have missed additional

methylation alterations occurring in uninvestigated regions.

Third, the observed methylation differences between night and

day shifters are slight. These results are expected upon exposure

of a healthy population to environmental/occupational factors

and have emerged thanks to the high precision technology

employed and the analytical method applied. However, it is

possible that the reduced variations detected might have been

underestimated due to the analysis of bulk samples (i.e., buffy

coat cell populations). Future studies should be conducted to

clarify this aspect.

5. Conclusion

In the present study, although explorative and

based on a small sample, we observed that exposure

to NS work is associated with altered modulation of

immune and inflammatory-related factors. Moreover,

our findings indicate DNA and in particular HERV

methylation as a potential biomolecular sensor to monitor

the cumulative effect of multiple stressors (NS and

metabolic alterations).
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