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Abstract
In the present study, the authors investigated the effects of shiftwork exposure on DNA
methylation using peripheral blood DNA from subjects working in two chemical plants in
Northern Italy. The investigation was designed to evaluate (a) DNA methyl- ation changes in Alu
and long interspersed nuclear element-1 (LINE-1) repetitive elements as a surrogate of global
methylation and (b) promoter methylation of gluco- corticoid receptor (GCR), tumor necrosis
factor alpha (TNF-α), and interferon- gamma (IFN-γ). One hundred and fifty white male workers
(mean ± SD: 41.0 ± 9 yrs of age) were examined: 100 3 × 8 rotating shiftworkers (40.4 ± 8.7 yrs
of age) and 50 day workers (42.2 ± 9.4 yrs of age). The authors used bisulfite-pyrosequencing to
esti- mate repetitive elements and gene-specific methylation. Multiple regression analysis,
adjusted for age, body mass index (BMI), and job seniority, did not show any signifi- cant
association between the five DNA methylation markers and shiftwork. However, job seniority, in
all subjects, was significantly associated with Alu (β = −0.019, p = .033) and IFN-γ (β = −0.224,
p < .001) methylation, whereas TNF-α methylation was inversely correlated with age (β = −0.093,
p < .001). Considering only shiftworkers, multiple regression analysis, adjusted for age, BMI, and
job seniority, showed a sig- nificant difference between morning and evening types in TNF-α
methylation (mean morning type [MT] 11.425 %5mC versus evening type [ET] 12.975 %5mC; β
= 1.33, p = .022). No difference was observed between good and poor tolerance to shiftwork.
Increasing job seniority (<5, 5–15, >15 yrs) was associated with significantly lower Alu (β =
−0.86, p = .006) and IFN-γ methylation (β = −6.50, p = .007) after adjust- ment for age, BMI, and
morningness/eveningness. In addition, GCR significantly increased with length of shiftwork (β =
3.33, p = .05). The data showed alterations in blood DNA methylation in a group of shiftworkers,
including changes in Alu repeti- tive elements methylation and gene-specific methylation of IFN-
γ and TNF-α promoters. Further studies are required to determine the role of such alterations in
mediating the effects of shiftwork on human health.
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INTRODUCTION
According to several epidemiological studies, shiftwork that requires work at night can have
a negative impact on the health and well-being due to a mismatch between the endogenous
circadian system and environmental synchronizers (e.g., light/dark cycle). Besides the short-
term effects, which can be summarized as a form of “jet-lag” syndrome, the most reported
long-term effects are chronic sleep, gastrointestinal, neuropsychological, metabolic, and
cardiovascular disorders, as well as negative interference on pregnancy (Akerstedt, 1998;
Knutsson, 2003; Biggi et al., 2008; Esquirol et al., 2009; Lin et al., 2009; Suwazono et al.,
2009). More recently, the International Agency on Research on Cancer (IARC) has
classified “shiftwork that involves circadian disruption” as “probably carcinogenic to
humans” (Group 2A) on the basis of “limited evidence in humans for the carcinogenicity of
shift-work that involves nightwork,” and “sufficient evidence in experimental animals for
the carcinogenicity of light during the daily dark period (biological night)” (Straif et al.,
2007; Kloog et al., 2009; Kantermann & Roenneberg, 2009).

In mammals, physiological and hormonal processes as well as behavioral reactions follow
circadian rhythms that are driven by an endogenous master clock (Chen et al., 2005; Duguay
& Cermakian, 2009). Light exposure and melatonin secretion are considered the links
between night work and health problems in workers (Erren et al., 2008; Haus, 2007;
Stevens, 2009).

An emerging area of interest is in epigenetic reprogramming of cir- cadian genes, such as by
promoter methylation (Sahar & Sassone-Corsi, 2007; Zhu et al., 2006). There is evidence
that breast tumor cells have an altered expression than the surrounding normal cells (Chen et
al., 2005), although this may be a result of the disease process and not its cause. Some
environmental factors have been linked to aberrant changes in methylation both in
experimental and epidemiological studies (Baccarelli et al., 2009; Bollati et al., 2007, 2009;
Pavanello et al., 2009; Rusiecki et al., 2008; Tarantini et al., 2009; Wright et al., 2010).
Because these changes are small and potentially cumulative, it may be difficult to establish
the cause-effect relationships among environmental factors, epigenetic changes, and diseases
(Baccarelli & Bollati, 2009). In fact, there is still some debate as to whether methylation of
the genome,which is largely determined in utero or early life, stays constant through life, or
whether, how much, and in which loci it changes during life due to environmental or internal
factors (Christensen et al., 2009; Feinberg, 2007).

Disruption of the circadian system may be a risk factor in the devel- opment of cancer, but
the molecular mechanisms that are involved are far from unclear (Haus, 2007; Haus &
Smolensky, 2006). Aberrant DNA methylation patterns, including global hypomethylation
and gene- specific hyper/hypomethylation, are commonly observed in cancer tissues.
Methylation of repetitive sequences, such as Alu and long inter- spersed nuclear element-1
(LINE-1), tend to decrease in each step of the progression from normal to cancer cells. The
human genome comprises ~1.4 million copies of Alu repetitive elements and a half a million
copies of LINE-1 elements (Lander et al., 2001; Yang et al., 2004), and repetitive element
methylation has been shown to correlate with total genomic methylation content
(Weisenberger et al., 2005; Yang, et al., 2004). Decreases in global DNA methylation
content have been associ- ated with widespread alterations in gene expression and chromatin
packaging control, as well as with higher genomic instability (Dean et al., 2005).
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The glucocorticoid receptor (GCR) gene is involved in hypothalamic- pituitary-adrenal axis
(HPA) functioning through negative feedback inhi- bition and is susceptible to stress-related
programming. The human GCR promoter region is extensively methylated with diverse
methylation profile demonstrated in normal donors (Meaney & Szyf, 2005). The tumor
necrosis factor alpha (TNF-α) is a potent cytokine that plays important roles in diverse
cellular events, such as cell survival, proliferation, differentiation, death, and also regulates
inflammation in in vitro and in vivo animal systems, via the induction of adhesion molecules
and chemokine expression (Sullivan et al., 2007). TNF-α is commonly elevated in a variety
of human diseases, including cancer, and TNF-α promoter is susceptible to regulation by
cytosine methylation (Sullivan, et al., 2007). Interferon-gamma (IFN-γ) is a cytokine able to
trigger the formation and release of reactive oxygen species. It is critical for innate and
adaptive immunity and tumor control and aberrant IFN- γ expression has been observed in
many cancers (Schoenborn & Wilson, 2007).

In the present study, we investigated the effects of shiftwork exposure on DNA methylation
using peripheral blood DNA from subjects working in two chemical plants in Northern Italy.
The investigation was designed to evaluate (a) DNA methylation changes in Alu and long
interspersed nuclear element-1 (LINE-1) repetitive elements as a surrogate of global
genomic methylation content and (b) promoter methylation of GCR, TNF-α, and IFN-γ.

MATERIALS AND METHODS
Subjects

Our study population consisted of 150 white males (mean ± SD: 41 ± 9 yrs of age) free of
cancer, cardiovascular, and pulmonary disease employed in two chemical plants in Northern
Italy. One hundred partici- pants (40.4 ± 8.7 yrs of age) worked a backward rotating 8-h
schedule, and 50 participants were day workers (42.2 ± 9.4 yrs of age). The start and end of
shifts were morning shift: 06:00–14:00 h, afternoon shift: 14:00–22:00 h, and night shift:
22:00–06:00 h. Participants worked 4 days and then had 2 rest days. The participants were
engaged in the same production departments and exposed to the same risk factors. The
exposure to environmental concentrations of all chemical substances was <25% of
Threshold Limit Values (ACGIH, 2008). Job seniority was shorter in shift (mean ± SD: 11.6
± 8.6 yrs) than in day workers (16.6 ± 9.8 yrs). The average (SD) body mass index (BMI) of
shiftworkers was 24.8 kg/m2 ( ± 2.9), whereas the BMI of day workers was 25.1 kg/m2 ( ±
3.2); 19.5% shiftworkers and 26.2% day workers were current smokers.

Detailed information on lifestyle, use of medication, past and recent medical conditions, and
residential history were collected through per- sonal interview as part of an annual medical
screening of employees. Morningness/eveningness was assessed by the Horne-Östberg
questionnaire (1976), and “poor tolerance” to shifwork was defined via the pres- ence of at
least one of the following conditions: persistent gastrointestinal, sleep, or anxiety/depression
disorders that required the administration of medication, e.g., antiacids, hypnotics, sedatives
(Reinberg & Ashkenazi, 2008). Data collection and analyses in the present study were
conducted in accordance with the ethical standards of this journal (Portaluppi et al., 2008).

Blood Collection
Seven milliliters of whole blood were collected by venous phlebotomy in EDTA tubes.
Blood samples were shipped to the Center of Molecular and Genetic Epidemiology in Milan
and processed within 3 h. Buffy coat was extracted and stored in cell lyses solution until
DNA extraction. All samples were coded and frozen at −20°C.
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DNA Extraction and Bisulfite Treatment of the DNA
DNA was extracted from stored frozen buffy coat of 7 mL of whole blood, using the
Maxwell® 16 System (Promega, Madison, Wisconsin). Five hundred nanograms of DNA
(concentration 25 ng/μL) were treated using EZ DNA Methylation-Gold™ Kit (Zymo
Research, Orange, CA, USA) according to the manufacturer’s protocol. Final elution was
per- formed with 30 μL of M-Elution Buffer.

Repetitive Element PCR and Pyrosequencing
Analysis of repetitive element DNA methylation was performed using previously published
methods (Bollati et al., 2007; Yang et al., 2004), with minor modifications. Polymerase
chain reaction (PCR) primers were designed towards a consensus Alu or LINE-1 sequence
and allowed for the amplification of a representative pool of repetitive elements to serve as a
surrogate for global DNA methylation changes. A 50-μLPCR was carried out in 25 μL of
GoTaq Green Master mix (Promega), 1 pmol of the forward primer, 1 pmol of the reverse
primer, 50 ng of bisulfite- treated genomic DNA, and water. One of the two primers was
biotin- labeled to purify the final PCR product using Sepharose beads. The PCR product was
bound to Streptavidin Sepharose HP (Amersham Biosciences, Uppsala, Sweden), and the
Sepharose beads containing the immobilized PCR product were purified, washed, denatured
using a 0.2 M NaOH solution, and washed again using the Pyrosequencing Vacuum Prep
Tool (Pyrosequencing, Inc., Westborough, MA), as recommended by the manufacturer.
Then, 0.3 μM pyrosequencing primer was annealed to the purified single-stranded PCR
product, and pyrosequencing was performed using the PyroMark MD (Pyrosequencing,
Inc.). The degree of methylation was expressed for both Alu and LINE-1 as the percentage
of methylated cytosines divided by the sum of methylated and unmethy- lated cytosines
(%5mC). We used built-in controls to verify bisulfite con- version efficiency. Every sample
was tested three times for each marker to confirm reproducibility and increase the precision
of our results. The average of the three replicates was used in statistical analyses. A similar
method was used to measure gene-specific methylation in glococorticoid receptor (GCR),
tumor necrosis factor alpha (TNF-α), and interferon- gamma (IFN-γ) promoters.

Statistical Analysis
Two-sample t tests with equal variances, analysis of variance (ANOVA), and multiple
regression analysis, adjusted for age, BMI, and job seniority, were carried out using the
Stata 10 (StataCorp, 2007) stat- istical package.

RESULTS
DNA Methylation in Shift- and Day Workers

By univariate regression analysis, a significant difference in Alu methylation was observed
between shift- and day workers (25.4 %5mC versus 25.1 %5mC; p = .04), whereas no
significant differences were detected in LINE-1, GCR, TNF-α, and IFN-γ (Table 1). The
result of a multiple regression analysis, adjusted for age, BMI, and job seniority, found no
significant association between DNA methylation markers and shiftwork (Table 2). In all
subjects, job seniority was significantly associ- ated with Alu (β = −0.019, p = .033) and
IFN-γ (β = −0.224, p = .001) decreased methylation, whereas TNF-α was inversely
correlated with age (β = −0.093, p = .001) (see Table 2).

DNA Methylation in Morning- and Evening-Type Shiftworkers
Considering only the shiftworkers, multiple regression analysis adjusted for age, BMI, and
job seniority found a significant difference in TNF-α methylation between morning (MT, 35
persons) and evening (ET, 25 persons) types (mean MT = 11.42 %5mC, mean ET = 12.97
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%5mC; p = .006) (see Table 3). Among shiftworkers, the association between job seniority
and Alu and IFN-γ methylation was confirmed, and GCR showed a significant association
with job seniority (β = 0.152, p = .05) (see Table 2).

DNA Methylation and Job Seniority in Shiftworkers
We divided the shiftworkers into the following job seniority categories (<5, 5–15, >15 yrs).
On average, we found a significant trend for Alu methylation ( p = .03), TNF-α methylation
( p = .01), and IFN-γ methyl- ation ( p = .004); these concentrations decreased as seniority
increased (see Table 4). Using multiple regression adjusted for age, BMI, and morningness/
eveningness (see Table 5), we found a significant difference in Alu methylation for workers
with job seniority >15 yrs (β = −0.86, p = .006) and in IFN-γ methylation for workers with
job seniority between 5 and 15 yrs (β = −4.28, p = .02) and for workers with job seniority
>15 yrs (β = −6.50, p = .007).

DNA Methylation and Tolerance to Shiftwork
No differences in methylation was found in subjects with good (n = 40) or poor (n = 35)
tolerance to shiftwork.

DISCUSSION
In this study, we investigated the effects of shiftwork exposure on DNA methylation using
peripheral blood DNA from subjects working in two chemical plants in Northern Italy.
Although multivariate analysis revealed no significant differences between day and
shiftworkers for the five markers of methylation (Alu, LINE-1, GCR, TNF-α, and IFN-γ),
some differences were found when we examined the workshift subgroups. In particular, we
observed a significant influence of job seniority on hypo- methylation of Alu and IFN-γ and
a significant influence of morningness type on TNF-α hypomethylation. Age may not
explain these results because after controlling for age, we obtained a significant correlation
between Alu hypomethylation and job seniority.

We used DNA methylation analyses of Alu and LINE-1 repetitive elements to evaluate
global methylation. Due to the heavy methylation of repetitive elements, these assays, which
are easier to carry out than pre- vious methods employed to quantify total genomic 5-mC,
can detect decreases in DNA methylation and serve as a surrogate for global methyl- ation
(Yang, et al., 2004). Global DNA hypomethylation is generally associated with
chromosomal instability, reactivation of retrotransposable elements, and expression of genes
that would normally be silenced by methylation (Jones & Baylin, 2002; Smith & Crocitto,
1999).

Job seniority was significantly correlated with IFN-γ hypomethylation. Epigenetic
methylation status of IFN-γ may play a mechanistic role in the modulation of cytokine
secretion, and an altered IFN-γ expression has been found in disease conditions that have
also been associated with shift- work, such as cardiovascular disease and cancer. Because
IFN-γ is a prime proinflammatory cytokine in inflammation (Zhang, 2007), this
hypomethylation may lead to an increase in inflammation.

Deregulation in a complex and well-coordinated response to inflam- mation can lead to
unresolved inflammation and a protumorigenic micro- environment (Hussain & Harris,
2007). Mediators of inflammation, such as cytokines, can produce genetic alteration,
including point mutations in tumor suppressor genes, changed gene-expression profile, and
induced post-translational modifications leading to genetic and physiological instability and
cancer. These alterations have been described in cancer- prone chronic inflammatory
diseases before the development of cancer (Hussain & Harris, 2007). Therefore, this
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regulation of epigenetic control may represent a mechanism linking shiftwork with increased
cancer risk that has been observed in some epidemiological studies.

Shiftworkers defined as “morning type” showed TNF-α hypomethyla- tion, a change that is
potentially related to an increased gene expression. TNF-α is a proinflammatory cytokine
that induces neutrophil prolifer- ation during inflammation (Murray et al., 1997). The low
levels of the cytokine may aid in maintaining homeostasis by regulating the body’s cir-
cadian system (Cavadini et al., 2007; Tracey & Cerami, 1990; Duguay & Cermakian, 2009).
Because TNF-α hypomethylation could result in decreased expression in shiftworkers
defined as morning types, the increase of TNF-α in morning subjects may indicate reduction
in circa- dian system regulation.

The results from this study should be considered as preliminary; thus, we recommend future
studies to confirm our findings. Although several other genes might have been included in
our study, we selected GCR, TNF-α, and IFN-γ for DNA methylation analysis because of
their known role in inflammatory and cancer pathways and because they are expressed in
many human tissues, including blood, which was the source of DNA for our study. Our
results showed alterations in blood DNAmethylation in a population of shiftworkers,
including changes in Alu repetitive elements methylation and gene-specific methylation of
IFN-γ and TNF-α promoters. Because it has been shown by Bonsch and co-workers (2007)
that methylation exhibits circadian rhythmicity, one limit- ation of our study is that we
measured DNA methylation in one sample obtained from subject, although all the samples
were taken approximately at the same time. Further studies comparing full 24-h patterns,
rather than one point sampling, are required to better assess whether changes in methylation
are due to a phase shift rather than a total increase or decrease in DNA methylation.
Moreover, it would be interesting in the future to assess methylation level in a group of
former long-time shiftworkers, after ceasing shiftwork, to assess if these effects are transient
or permanent. In addition, further studies will also be needed to determine the role of such
alterations in mediating the effects of shiftwork on human health.
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TABLE 2

Multiple regression analysis for shiftworker condition adjusting for age, body mass index, and job seniority

Shiftworkers/
day workers Age Body mass

index
Job
seniority

Global DNA methylation markers

Alu (%5mC) β = 0.162 β = 0.008 β = 0.001 β = −0.019

p = .210 p = .346 p = .951 p = .033

LINE-1 (%5mC) β = −0.212 β = −0.010 β = −0.032 β = 0.008

p = .339 p = .470 p = .345 p = .603

Gene-specific methylation markers

GCR (%5mC) β = 0.622 β = −0.036 β = −0.110 β = 0.092

p = .380 p = .437 p = .312 p = .064

TNF-α (%5mC) β = 0.027 β = −0.093 β = −0.012 β = −0.029

p = .950 p = .001 p = .850 p = .333

IFN-γ (%5mC) β = −0.705 β = 0.069 β = 0.068 β = −0.224

p = .452 p = .254 p = .635 p = .001
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TABLE 3

Multiple regression analysis in shiftworkers, for morning- versus evening-type workers, adjusting for age,
body mass index, and job seniority

Morning type/
evening type Age Body mass

index
Job
seniority

Global DNA methylation markers

Alu (%5mC) β = 0.274 β = 0.013 β = 0.009 β = −0.041

p = .132 p = .340 p = .767 p = .005

LINE-1 (%5mC) β = −0.216 β = −0.009 β = −0.011 β = 0.008

p = .459 p = .675 p = .825 p = .725

Gene-specific methylation markers

GCR (%5mC) β = 0.916 β = −0.024 β = −0.241 β = 0.152

p = .359 p = .745 p = .154 p = .053

TNF-α (%5mC) β = 1.312 β = −0.042 β = −0.034 β = −0.066

p = .022 p = .311 p = .722 p = .135

IFN-γ (%5mC) β = −0.387 β =0.116 β = 0.287 β = −0.343

p = .777 p = .246 p = .212 p = .002

Chronobiol Int. Author manuscript; available in PMC 2013 May 08.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Bollati et al. Page 13

TA
B

LE
 4

M
ea

n 
(a

nd
 S

D
) 

va
lu

es
 o

f 
m

et
hy

la
tio

n 
m

ar
ke

rs
 in

 s
hi

ft
w

or
ke

rs
 w

ith
 d

if
fe

re
nt

 jo
b 

se
ni

or
ity

 (
<

 5
, 5

–1
5,

 >
15

 y
rs

)

Jo
b 

se
ni

or
it

y

<5
 y

rs
(N

 =
 2

4)
5–

15
 y

rs
(N

 =
 5

4)
>1

5 
yr

s
(N

 =
 2

2)
p 

va
lu

e
(A

N
O

V
A

)
p 

tr
en

d

G
lo

ba
l D

N
A

 m
et

hy
la

tio
n 

m
ar

ke
rs

A
lu

 (
%

5m
C

)
25

.5
2 

(0
.6

8)
25

.4
4 

(0
.7

8)
25

.0
4 

(0
.7

1)
0.

05
7

0.
03

2

L
IN

E
-1

 (
%

5m
C

)
82

.0
5 

(1
.3

0)
82

.5
2 

(1
.2

6)
82

.0
0 

(0
.9

7)
0.

13
0

0.
93

1

G
en

e-
sp

ec
if

ic
 m

et
hy

la
tio

n 
m

ar
ke

rs

G
C

R
 (

%
5m

C
)

43
.8

7 
(4

.4
8)

44
.9

2 
(3

.8
1)

46
.2

1 
(3

.8
8)

0.
14

5
0.

04
9

T
N

F-
α

 (
%

5m
C

)
12

.5
3 

(2
.0

9)
12

.4
3 

(2
.5

6)
10

.6
8 

(2
.1

1)
0.

00
9

0.
01

2

IF
N

-γ
 (

%
5m

C
)

85
.1

5 
(3

.8
9)

81
.8

6 
(5

.6
1)

80
.6

1 
(5

.8
5)

0.
01

1
0.

00
4

Chronobiol Int. Author manuscript; available in PMC 2013 May 08.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Bollati et al. Page 14

TABLE 5

Multiple regression analysis in shiftworker, for morning- versus evening-type workers adjusting for age, body
mass index, and job seniority

Job seniority

5–15 yrs >15 yrs Morning type/
evening type Age

Global DNA methylation markers

Alu (%5mC) β = −0.30 β = −0.86 β = 0.23 β = 0.01

p = .20 p = .006 p = .21 p = .44

LINE-1 (%5mC) β = 0.38 β = 0.03 β = −0.211 β = −0.012

p = .31 p = .94 p = .47 p = .56

Gene-specific methylation markers

GCR (%5mC) β = 1.39 β = 3.33 β = 1.10 β = 0.03

p = .28 p = .05 p = .28 p = .65

TNF-α (%5mC) β = 0.55 β = −0.32 β = 1.33 β = −0.064

p = .45 p = .73 p = .02 p = .11

IFN-γ (%5mC) β = −4.28 β = −6.50 β = −0.66 β = 0.07

p = .02 p = .007 p = .63 p = .46
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