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Background: Shortened leukocyte telomere length (LTL) is a marker of cardiovascular risk that
has been recently associated with long-term exposure to ambient particulate matter (PM). However,
LTL is increased during acute inflammation and allows for rapid proliferation of inflammatory
cells. Whether short-term exposure to proinflammatory exposures such as PM increases LTL has
never been evaluated.
Objectives: We investigated the effects of acute exposure to metal-rich PM on blood LTL, as well
as molecular mechanisms contributing to LTL regulation in a group of steel workers with high PM
exposure.
Methods: We measured LTL, as well as mRNA expression and promoter DNA methylation of
the telomerase catalytic enzyme gene [human telomerase reverse transcriptase (hTERT)] in blood
samples obtained from 63 steel workers on the first day of a workweek (baseline) and after 3 days of
work (postexposure).
Results: LTL was significantly increased in postexposure (mean ± SD, 1.43 ± 0.51) compared
with baseline samples (1.23 ± 0.28, p-value < 0.001). Postexposure LTL was positively associated
with PM10 (β = 0.30, p-value = 0.002 for 90th vs. 10th percentile exposure) and PM1 (β = 0.29,
p-value = 0.042) exposure levels in regression models adjusting for multiple covariates. hTERT
expression was lower in postexposure samples (1.31 ± 0.75) than at baseline (1.68 ± 0.86, p-value
< 0.001), but the decrease in hTERT expression did not show a dose–response relationship with
PM. We found no exposure-related differences in the methylation of any of the CpG sites investigated in the hTERT promoter.
Conclusions: Short-term exposure to PM caused a rapid increase in blood LTL. The LTL increase
did not appear to be mediated by PM-related changes in hTERT expression and methylation.
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Epidemiological studies have consistently
linked both short- and long-term exposure
to ambient particulate matter (PM) with
increased morbidity and mortality from
cardiov ascular disease (Brook et al. 2004;
Dockery et al. 1993; Hassing et al. 2009).
Increased oxidative stress and inflammation
are two major mechanisms involved in mediating PM effects (Chuang et al. 2007; Schwartz
2001; Seaton et al. 1995). Shortening of
blood leukocyte telomere length (LTL) has
been proposed as a marker of cumulative
burden of oxidative stress and inflammation
(Bekaert et al. 2007; Fitzpatrick et al. 2007).
Recent human studies have shown that longterm exposure to air particles from vehicular
traffic or related pollutants is associated with
reduced LTL (Hoxha et al. 2009; McCracken
et al. 2010). In addition, Valdes et al. (2005)
demonstrated a dose-dependent inverse relationship between shortened LTLs and packyears of smoking. The dose-dependent effects
of smoking were replicated by Morla et al.
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(2006) in a cohort of male smokers with and
without chronic obstructive pulmonary disease
(COPD). However, experimental studies show
that during acute inflammation, telom ere
length in inflammatory cells undergoes a transient increase, which is believed to contribute
to the proliferative capacity and clonal expansion necessary to build up an efficient inflammatory response (Weng et al. 1997). These
findings are consistent with in vitro results
showing that LTL can increase at varying rates
during cell division as a result of compensatory mechanisms (Hodes et al. 2002). Taken
together, these observations suggest that shortterm PM exposures might produce an acute
increase in LTL, which may participate in
sustaining the inflammatory mechanisms associated with PM health effects. Nonetheless,
whether short-term PM exposure affects LTL
in exposed humans has yet to be evaluated.
Telom eres are composed of repetitive
G‑rich sequences (TTAGGG) and an abundance of associated proteins that together
volume

form a dynamic cap that protects chromosome ends (Blackburn 2001). The progressive telom ere shortening associated with
cell division is conducive to cell senescence
and reduced proliferative capacity (de Lange
1998). Telomerase is a ribon ucleop rotein
that can synthesize telomere repeats and thus
compensate or reverse telomere loss associated
with cell division (Greider 1996). The telomerase complex consists of two essential components: a catalytic unit, telomerase reverse
transcriptase (hTERT), and the ubiquitously
expressed RNA template, hTR. A positive correlation has been found between the amount
of hTERT mRNA and telomerase activity
(Cong and Bacchetti 2000; Li et al. 2003;
Yi et al. 1999). The level of hTERT mRNA
expression has been indicated as a primary
mechanism of telomerase regulation (Liu
et al. 2004). The hTERT 5´ flanking region
is located in a CpG island (Guilleret et al.
2002), which is highly methylated in normal
tissues (Vera et al. 2008), thus suggesting that
hTERT mRNA expression might be regulated
by DNA methylation.
Work conditions may cause exposure
to indoor PM levels that are considerably
higher than outdoor ambient concentrations.
In industrial settings, workers are usually
assigned to specific job tasks that tend to be
repeated regularly over time. Differences in
work routines may thus determine wide and
stable gradients of individual exposure to PM,
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even among workers in the same work facility.
However, the regular weekly schedule made
of working days and days of rest determines
a cycle of exposures and washouts that can
be exploited to evaluate potential short-term
effects (Tarantini et al. 2009). Steel workers
are exposed to high levels of airborne PM
and have been shown to be at higher risk for
cardiovascular disease (Andjelkovich et al.
1990). In a group of steel workers exposed
to high levels of airborne PM, we measured
LTL, as well as mRNA expression and promoter DNA methylation of hTERT, to identify the effects of short-term exposures on
blood LTL.

Materials and Methods
Subjects and study design. In a steel production plant in Brescia in northern Italy, we
recruited 63 male workers free of cardio
pulmonary disease or cancer. All participants
had been working in the current job position for at least 1 year and had worked in the
plant for 16 ± 10.1 years (mean ± SD; range,
3–35 years). All participants had a rotating
weekly schedule based on a 6‑day rotation
made of 4 days of work followed by 2 days off.
To investigate short-term effects of PM, we
obtained blood samples at two different times:
The baseline sample was collected in the morning of the first day of a working week (after
2 days off work) before the beginning of any
work activity, and the postexposure sample was
collected at the same hour on the fourth day of
work, after 3 consecutive days of work. A selfadministered questionnaire was used to collect detailed information on lifestyle, drug use,
medical conditions, body mass index (BMI),
education, and residential history. Records
from the factory administrative files were used
to extract information on occupational history. Individual written informed consent and
approval from the local institutional review
board were obtained before the study.
Exposure assessment. Measures of PM
with aerodynamic diameters < 10 μm (PM10)
and < 1 μm (PM1) obtained in each of the
11 work areas of the steel production plant
were used to estimate individual exposures.
PM 10 and PM 1 were measured during
the 3 days between the baseline and post
exposure blood drawing using a GRIMM
1100 light-scattering dust analyzer (Grimm
Technologies, Inc., Douglasville, GA, USA).
During the 3 working days between the baseline and the postexposure blood collection,
each of the study subjects recorded in a personal log the time he spent in each of the
work areas. Individual exposure was calculated as the average of area-specific PM levels
weighted by the time spent in each area.
DNA extraction. We used EDTA tubes
to collect 7 mL whole blood that was immediately centrifuged on site at 2,500 rpm for
Environmental Health Perspectives •
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15 min. The buffy coat (400 μL) was transferred in a cryovial and stored at –20°C until
DNA extraction. DNA was extracted using
the Wizard Genomic DNA purification kit
(Promega, Madison, WI, USA) following the
manufacturer’s instructions. Purified DNA
was resuspended in the kit hydration solution,
quantified, and stored at –20°C until use.
LTL measurement by quantitative poly
merase chain reaction (qPCR). We measured
LTL on buffy coat DNA using the realtime quantitative PCR method developed
by Cawthon (2002) with minor adaptations
(Hoxha et al. 2009). This method measures
the relative LTL in genomic DNA by determining the ratio of telom ere repeat copy
number to single copy gene copy number
(T/S ratio) in experimental samples relative to a reference sample. The telomere and
human β‑globin PCR mix and the thermal
cycling profile for both amplicons were previously described (Hoxha et al. 2009). We used
pooled control DNA samples from this same
study to create a fresh standard curve, ranging
from 8 ng/μL to 0.25 ng/μL, in every telo
mere and human β-globin PCR run. All samples contained Escherichia coli DNA heated
at 96°C for 10 min and cooled at room temperature. DNA sample (15 ng) was added
to each reaction (final volume, 20 μL). All
PCRs were performed in triplicate on a DNA
Engine Thermal Cycler Chromo4 (Bio-Rad,
Hercules, CA, USA).
The intraassay coefficient of variation for
the T/S ratio in the present study was 8.1%.
The reverse-transcriptase PCR reaction’s mean
efficiency for telomere and human β-globin
reactions were 99.5% and 97.5%, respectively.
RNA extraction and hTERT mRNA
expression. We used the PAXgene Blood RNA
Kit to isolate total RNA from whole blood
stabilized in PAXgene Blood RNA tubes (both
from Qiagen–PreAnalytix, Hombrechtikon,
Switzerland). cDNA was synthesized using a
High Capacity RNA-to-cDNA kit (Applied
Biosystems, Foster City, CA, USA). hTERT
expression was analyzed by real-time PCR
using the Hs 00972650_m1 TaqMan gene
expression assay (Applied Biosystems). All measurements were normalized to the expression
of GAPDH (glyceraldehyde-3-phosphate dehydrogenase gene), which was measured using
the Hs 99999905_m1 TaqMan gene expression assay (Applied Biosystems). All PCR runs
were performed in triplicate on a 7900HT
Fast Real-Time PCR System (Applied
Biosystems). We used the thermal cycling profile and the PCR reaction mix components
for both cDNA recommended by the manufacturer (Applied Biosystems). Relative gene
expression levels were determined on the basis
of the ΔΔCT method according to Livak and
Schmittgen (2001). Cycle threshold (CT) values obtained for hTERT were first normalized
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for each sample respective to the endogenous
housek eeping gene (CT hTERT − CT GAPDH
= ΔCTsample). Subsequently, the ΔCT value
obtained was normalized to an external calibrator (ΔCTsample − ΔCTcalibrator = ΔΔCT). A
pooled study sample was used as a calibrator.
Relative expression levels were calculated as
2−ΔΔCT (Livak and Schmittgen 2001).
hTERT promoter methylation. We
performed DNA methylation analyses on
bisulfite-treated DNA using a highly quantitative analysis based on PCR pyrosequencing
(Bollati et al. 2007; Pavanello et al. 2009).
DNA (0.5 μg; concentration, 20 ng/μL) was
treated using the EZ DNA MethylationGold kit (Zymo Research, Orange, CA, USA)
according to the manufacturer’s directions.
Final elution was performed with 30 μL
M‑elution buffer. We developed the assay
for telomerase methylation by locating the
hTERT promoter using Genomatix software
(Genomatix Software Inc., Ann Arbor, MI,
USA) on chromosome 5 (start = 1346370;
end = 1346970; length = 601 bases), and
amplified the sequence between positions
1346370 and 1346678. In this assay, we meas
ured percent 5‑methylcytosine (5mC) at each
of three individual CpG dinucleotide positions
(position 1, 1346540; position 2, 1346542;
position 3, 1346555) within a CpG island
located in the hTERT promoter. A 50‑μL PCR
was carried out in 25 μL GoTaq Green Master
mix (Promega), 10 pmol forward primer,
10 pmol reverse primer, 50 ng bisulfite-treated
genomic DNA, and water. PCR cycling
conditions were 95°C for 60 sec, 60°C for
60 sec, and 72°C for 60 sec for 50 cycles.
PCR products were purified and sequenced
by pyrosequencing as previously described
(Bollati et al. 2007) using 0.3 μm sequencing
primer. Primers for the assay were forward
AGGTTTTGGATGTTAGGGATTTT,
reverse-biotinylated CCACAAAACCCTAA
AACTTCTCC, and sequencing GGAGTT
GTTTGGGAAT.
Statistical analysis. Student’s paired t‑test
was used to assess differences between baseline
and postexposure measurements. We evaluated
the association of the levels of PM (PM10 and
PM1) with LTL, hTERT mRNA expression,
or hTERT promoter methylation (separately
at each of the three CpG positions) using simple linear regression models, as well as multi
variable models adjusting for age, pack-years
of smoking, and percent lymphocytes in the
differential blood count. We fitted different
sets of models using baseline measures, post
exposure measures, or the difference between
postexposure and baseline measures of the
dependent variables (i.e., LTL, hTERT mRNA
expression, or hTERT promoter methylation).
In all models, regression coefficients were computed with ordinary least squares estimators.
To compare the magnitude of the associations,
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we report regression coefficients expressing the increase in LTL corresponding to an
increase in PM exposure equal to the difference between the 90th and 10th percentiles of
exposure. Outliers were excluded from regression analysis by dropping observations with
studentized residuals that were > 3 or < –3.
We checked regression assumptions by performing diagnostic tests for each model, which
included the Shapiro-Wilk test to verify normality of residuals and the White test to verify
the homogeneity of variance of the residuals. A
two-sided p‑value < 0.05 was considered statistically significant. All statistical analyses were
performed in SAS (version 9.1.3; SAS Institute
Inc., Cary, NC, USA).

Results
Study subject characteristics. The mean age of
the study subjects was 44 years, with a range of
27–55 years. The 25 study subjects (40%) who
were current smokers reported smoking 13.0 ±
7.2 (mean ± SD) cigarettes every day. The
mean ± SD BMI of the study participants was
26.5 ± 2.7 kg/m2. The average levels of exposure
estimated for each subject during the 3 days

between the baseline and postexposure blood
draws were 262 ± 272 μg/m3 (range, 74–1,220)
for PM10 and 8.0 ± 7.7 μg/m3 range, 1.7–30.5)
for PM1. PM10 and PM1 exposure levels were
highly correlated (r2 = 0.82).
Blood leukocyte counts. Table 1 shows the
mean values, SDs, and range of the variables
measured on the baseline and postexposure
samples. Differential blood leukocyte counts
showed a moderate, nonstatistically significant increase in the proportion of lympho
cytes in the postexposure samples (n = 62;
32.0 ± 7.6%) compared with the baseline
samples (n = 62; 30.7 ± 6.7%; p = 0.069). We
found no differences in total white blood cell
number, percent granulocytes, and percent
monocytes (Table 1).
PM exposure and LTL. LTL showed a
significant increase from baseline (n = 57;
1.23 ± 0.28 T/S relative units) to postexposure
(n = 57; 1.43 ± 0.51; p < 0.001; Table 1).
Figure 1 shows the changes of individuals’
LTL between the first day of a workweek
(baseline) and after 3 days of work (post
exposure). LTL was significantly increased
both in current smokers (n = 21; baseline:

Table 1. Blood leukocytes counts, LTL, hTERT mRNA expression, and hTERT promoter methylation measured in 63 foundry workers at baseline and postexposure.
Outcome
White blood cells (103/mm3)
Granulocytes (%)
Lymphocytes (%)
Monocytes (%)
LTL (T/S ratio)
hTERT expression (2–ΔΔCT)
hTERT methylation (% 5mC)
Position 1
Position 2
Position 3
aThe

na
62
62
62
62
57
58

Baseline
Mean ± SD
Range
7.31 ± 1.6
3.6–10.4
58.9 ± 7.2
43.5–76.0
30.7 ± 6.7
15.4–44.1
10.4 ± 3.5
4.5–19.4
1.23 ± 0.28
0.68–1.86
1.68 ± 0.86
0.72–4.86

Postexposure
Mean ± SD
Range
7.3 ± 1.7
4.0–13.0
58.2 ± 7.6
44.6–80.6
32.0 ± 7.3
15.7–47.0
9.8 ± 3.5
3.7–17.5
1.43 ± 0.51
0.72–3.34
1.31 ± 0.75
0.52–5.55

59
59
59

93.9 ± 1.0
93.8 ± 2.8
90.0 ± 1.9

93.9 ± 1.1
93.6 ± 3.1
90.2 ± 1.5

90.5–96.8
80.4–100.0
86.3–95.5

p-Value
0.91
0.23
0.069
0.22
< 0.001
< 0.001

89.9–96.8
79.2–97.1
85.9–93.2

0.84
0.67
0.36

numbers of observations vary because of missing values due to failed laboratory analyses.
4.0
Exposure group
3.5

73.7–161.1 µg/m3
162.3–206.1 µg/m3

LTL (T/S)

3.0

210.0–1220.2 µg/m3

2.5

2.0

1.5

1.0

0.5

0

Baseline

Postexposure

Figure 1. Within-subject changes in LTL between the first day of a workweek (baseline) and after 3 days of
work (postexposure). Individuals were categorized according to tertiles of PM10 exposure.
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1.26 ± 0.30 T/S relative units; postexposure:
1.5 ± 0.58; p < 0.0001) and in nonsmokers
(n = 36; baseline: 1.21 ± 0.27; postexposure:
1.39 ± 0.52; p = 0.002). As a sensitivity
analysis, we repeated the baseline versus post
exposure comparison after excluding the three
subjects with the highest postexposure LTL
values and found that the increase in LTL was
still highly significant (baseline: 1.22 ± 0.28;
postexposure: 1.34 ± 0.35; p = 0.001).
The levels of individual exposure to PM
during the 3 days between the baseline and
postexposure blood draws were significantly
associated with postexposure LTL in unadjusted regression analysis (for PM10, β = 0.26,
p = 0.002; for PM1, β = 0.25, p = 0.037),
whereas we found no significant associations with baseline LTL (for PM10, β = 0.06,
p = 0.18; for PM 1 , β = 0.02, p = 0.71;
Table 2). Consequently, levels of individual exposure to PM were associated with
the difference in LTL between baseline and
postexposure samples (for PM10, β = 0.20,
p = 0.003; for PM1, β = 0.22, p = 0.016). The
results obtained from unadjusted regression
models were similar to the results from models
adjusted for age, BMI, pack-years of smoking,
and percent lymphocytes (Table 2).
PM exposure and hTERT mRNA expres
sion. We measured blood mRNA expression
of hTERT to gain information on whether
the PM-related increase in LTL was produced
by telomerase activation. All the blood samples with valid measures had detectable levels
of hTERT mRNA. hTERT mRNA was significantly decreased in postexposure samples
(n = 58; mean ± SD, 1.31 ± 0.75) compared
with baseline samples (n = 58; 1.68 ± 0.86;
p < 0.001; Table 2). However, the levels of
individual exposure to PM during the 3 days
between the baseline and postexposure blood
draws showed no significant associations with
hTERT mRNA expression in either the baseline or postexposure samples. Also, PM exposure was not associated with the difference in
hTERT mRNA levels between the baseline
and postexposure samples (Table 2).
PM exposure and hTERT promoter
methylation. All three of the CpG positions in
the hTERT promoter that we evaluated showed
high levels of methylation, which did not vary
between baseline and postexposure samples
(Table 1). Mean methylation in position 1 was
93.9% 5mC (range, 90.5–96.8%) at baseline
and 93.9% 5mC (range, 89.9–96.8%) in post
exposure samples (p = 0.84); in position 2,
93.8% 5mC (range, 80.4–100.0%) at baseline
and 93.6% 5mC (range, 79.2–97.1%) in post
exposure samples (p = 0.67); and in position 3,
90.0% 5mC (range, 86.3–95.5%) at baseline
and 90.2% 5mC (range, 85.9–93.2%) in post
exposure samples (p = 0.36; Table 1).
Methylation levels at position 1
were not correlated with hTERT mRNA
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expression at baseline (r = –0.12, p = 0.37) or
in postexposure samples (r = –0.15, p = 0.28).
Methylation levels at position 2 were not
correlated with hTERT mRNA expression
at baseline (–0.06, p = 0.65) but showed a
significant negative association with hTERT
mRNA expression in postexposure samples
(r = –0.48, p = 0.0002). Methylation levels at
position 3 showed a weak, nonsignificant positive association with hTERT mRNA expression at baseline (r = 0.24, p = 0.07) but not in
postexposure samples (r = –0.06, p = 0.67).
PM exposure showed no consistent associations with hTERT methylation at positions 1
and 2, but we observed a negative association
of PM with methylation of hTERT at position 3 in postexposure samples (unadjusted
regression analysis: for PM 10, β = –0.73,
p = 0.006; for PM1, β = –1.00, p = 0.005;
multivariable models: for PM10, β = 0.70,
p = 0.017; for PM1, β = –1.00, p = 0.010,
adjusting for age, BMI, education, pack-years,
and percent lymphocytes; Table 3).

hTERT mRNA levels in postexposure samples,
which might reflect inactivation by negative
feedback of telomerase in the presence of long
LTL. However, because the hTERT protein is
also posttranscriptionally regulated (Liu et al.
2001), and we did not have a direct measure
of telomerase activity in our study, we cannot
exclude that telomerase activation had a role in
determining increased LTL.
In addition to telomerase, the set of proteins
that are associated with telomeres and can affect
telomere length has been shown to be extremely
complex, and the precise molecular mechanisms
that regulate telomere length in lymphocytes or

Discussion

Differenced (n = 57c)

In the present study of workers in a steel plant
with well-characterized measures of exposure
to a wide range of PM levels, we found a significant, dose-related increase in LTL after
short-term exposure to PM. However, the
PM-related increase in LTL did not appear
to be explained by modifications of hTERT
mRNA expression and DNA methylation. The
finding of increased LTL in the present study
is in contrast with previous reports on longterm PM exposure and LTL. McCracken et al.
(2010) reported an inverse association between
1‑year exposure levels to black carbon, a tracer
of PM from vehicular traffic, and blood LTL
in a cohort of elderly individuals in eastern
Massachusetts. Hoxha et al. (2009) showed that
blood LTL was shorter in police officers with
long-term exposure to traffic pollutants than
in office workers. The authors speculated that
long-term exposure to PM may cause shortened
LTL through PM-induced oxidative stress, to
which the G‑rich structure of telomeres are
more sensitive than is normal genomic DNA.
Several experimental in vitro models have
shown that during acute inflammation, which
is a central process in mediating health effects
from short-term PM exposure (Brook et al.
2004; Seaton et al. 1995), telomere length
increases in inflammatory cells (Weng et al.
1997). These experimental studies have indicated telomerase activation as a potential
mechanism determining telom ere elongation during acute inflammation (Weng et al.
1995). We therefore further examined hTERT
mRNA expression and its promoter methylation levels. However, our results do not support a major role for hTERT expression in
determining increased LTL in human subjects exposed to PM. In fact, we found lower
Environmental Health Perspectives •
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other cell types is not fully understood (Hodes
et al. 2002). We did not find consistent associations of PM exposure with hTERT mRNA
expression and methylation. It is worth noting
that previous investigations correlating hTERT
methylation with its mRNA expression have
shown both positive and negative associations
(Dessain et al. 2000; Guilleret et al. 2002;
Lopatina et al. 2003; Shin et al. 2003). Liu
et al. (2004) suggested that those inconsistent
correlations may be due to the involvement
of a large variety of transcription factors inter
acting with the hTERT promoter. Future studies on PM effects should take into account the

Table 2. Association of PM10 and PM1 exposure with LTL and hTERT mRNA expression measured in
foundry workers at baseline and postexposure.
Dependent variable
LTL
Baseline (n = 57c)
Postexposure (n = 57c)

hTERT expression
Baseline (n = 58c)
Postexposure (n = 58c)
Differenced (n = 58c)

Exposure

Unadjusted
βb (95% CI)

p-Value

Adjusteda
βb (95% CI)

p-Value

PM10
PM1
PM10
PM1
PM10
PM1

0.06 (–0.03 to 0.16)
0.02 (–0.11 to 0.15)
0.26 (0.10 to 0.42)
0.25 (0.02 to 0.48)
0.20 (0.07 to 0.33)
0.22 (0.04 to 0.40)

0.18
0.71
0.002
0.037
0.003
0.016

0.08 (–0.03 to 0.19)
0.07 (–0.09 to 0.22)
0.30 (0.11 to 0.49)
0.29 (0.01 to 0.57)
0.23 (0.08 to 0.38)
0.21 (0.00 to 0.43)

0.13
0.38
0.002
0.042
0.003
0.051

PM10
PM1
PM10
PM1
PM10
PM1

–0.20 (–0.50 to 0.10)
–0.41 (–0.80 to –0.01)
–0.07 (–0.33 to 0.19)
–0.15 (–0.49 to 0.20)
0.13 (–0.12 to 0.39)
0.26 (–0.08 to 0.60)

0.18
0.042
0.60
0.40
0.30
0.13

–0.05 (–0.36 to 0.26)
–0.15 (–0.57 to 0.27)
–0.02 (–0.30 to 0.26)
–0.01 (–0.39 to 0.38)
0.09 (–0.20 to 0.37)
0.20 (–0.16 to 0.57)

0.75
0.47
0.89
0.97
0.54
0.27

aRegression

coefficients, 95% confidence intervals (CIs), and p-values estimated from multivariable regression models
adjusted for age, BMI, pack-years, and percent lymphocytes.bβ for an increment equal to the difference between the
90th and 10th percentiles of exposure (285.96 μg/m3 for PM10 and 11.05 μg/m3 for PM1). cValues were missing for some
subjects because of assay failure; statistical analysis was restricted to subjects with nonmissing values in both the
baseline and the postexposure samples. dPostexposure – baseline.

Table 3. Association of PM10 and PM1 exposure with the levels of methylation at three CpG positions in
the promoter of hTERT at baseline and postexposure.
hTERT methylation
CpG position 1
Baseline (n = 59c)
Postexposure (n = 59c)
Differenced (n = 59c)
CpG position 2
Baseline (n = 59c)
Postexposure (n = 59c)
Differenced (n = 59c)
CpG position 3
Baseline (n = 59c)
Postexposure (n = 59c)
Differenced (n = 59c)

Exposure

Unadjusted
βb (95% CI)

p-Value

Adjusteda
βb (95% CI)

p-Value

PM10
PM1
PM10
PM1
PM10
PM1

–0.02 (–0.39 to 0.36)
–0.08 (–0.58 to 0.42)
–0.13 (–0.55 to 0.28)
–0.13 (–0.68 to 0.43)
–0.11 (–0.65 to 0.42)
–0.05 (–0.77 to 0.67)

0.93
0.76
0.53
0.65
0.67
0.89

0.08 (–0.34 to 0.50)
–0.02 (–0.6 to 0.56)
–0.15 (–0.62 to 0.32)
–0.13 (–0.76 to 0.50)
–0.24 (–0.84 to 0.36)
–0.03 (–0.83 to 0.77)

0.71
0.95
0.52
0.69
0.43
0.95

PM10
PM1
PM10
PM1
PM10
PM1

0.15 (–0.89 to 1.20)
–0.15 (–1.55 to 1.26)
–0.26 (–1.41 to 0.89)
–0.35 (–1.89 to 1.19)
–0.41 (–1.83 to 1.00)
–0.20 (–2.11 to 1.70)

0.77
0.83
0.65
0.65
0.56
0.83

0.05 (–1.18 to 1.27)
–0.32 (–2.00 to 1.36)
–0.43 (–1.75 to 0.89)
–0.81 (–2.58 to 0.97)
–0.57 (–2.27 to 1.12)
–0.33 (–2.59 to 1.93)

0.94
0.71
0.52
0.36
0.50
0.77

PM10
PM1
PM10
PM1
PM10
PM1

–0.20 (–0.91 to 0.50)
–0.64 (–1.57 to 0.29)
–0.73 (–1.24 to –0.22)
–1.00 (–1.69 to –0.32)
–0.53 (–1.19 to 0.13)
–0.37 (–1.27 to 0.54)

0.56
0.18
0.006
0.005
0.12
0.42

–0.21 (–1.00 to 0.59)
–0.68 (–1.76 to 0.40)
–0.70 (–1.26 to –0.13)
–1.00 (–1.76 to –0.25)
–0.55 (–1.30 to 0.20)
–0.21 (–1.22 to 0.81)

0.61
0.21
0.017
0.010
0.15
0.69

aRegression

coefficients, 95% confidence intervals (CIs), and p-values estimated from multivariable regression models
adjusted for age, BMI, pack-years, and percent lymphocytes. bβ for an increment equal to the difference between the
90th and 10th percentiles of exposure (285.96 μg/m3 for PM10 and 11.05 μg/m3 for PM1). cValues were missing for some
subjects because of assay failure; statistical analysis was restricted to subjects with nonmissing values in both the
baseline and the postexposure samples. dPostexposure – baseline.
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complexities of telomerase regulation by evaluating multiple mechanisms of regulation and
obtaining direct measures of telomerase activity.
For inflammatory cells, the ability to
undergo extensive cell division and clonal
expansion is crucial for effectively generating an inflammatory response (Hodes et al.
2002). Cells with shortened telomeres lose
their ability to divide and become senescent
or undergo apoptosis (Blackburn 2001). In
contrast, longer telomeres guarantee the maintenance of cell capacity for rapid proliferation
(Hodes et al. 2002). These mechanisms have
been shown extensively in lymphocytic sub
populations involved in acute inflammation,
including those in peripheral blood (Norrback
et al. 1996; Weng et al. 1998). Clonal expansion of circulating leukocytes, which occurs
rapidly in subpopulations with longer telo
meres, is expected to lead these subpopulations
to be more represented in peripheral blood
and thus result in an increase in average LTL
(Hodes et al. 2002). In our data, we found
a moderate, nonsignificant increase in the
proportion of circulating blood lymphocytes
between baseline and postexposure samples.
This increase was not as sharp as that observed
for LTL, as expected if only specific lymphocytic subpopulations, such as subpopulations
of T or B cells, were to proliferate (Hodes et al.
2002; Weng et al. 1998). Alternatively, migration of less mature leukocytes—which have
undergone a lower number of cell divisions
and are expected to have longer telomeres—
from the bone marrow into the bloodstream
might have contributed to increased LTL in
postexposure samples. In fact, previous studies have shown that systemic inflammatory
responses to PM exposure are associated with
the presence of less mature leukocytes in
peripheral blood (Suwa et al. 2002; Tan et al.
2000; Terashima et al. 1997). Future studies
in PM-exposed subjects should measure LTL
after separation of specific leukocyte subpopulations based on their functions and maturity.
Our study design included measurements of LTL, hTERT mRNA expression,
and hTERT methylation in blood leukocyte
samples taken on the first and fourth day of
a workweek. The two samples were collected
to identify short-term fluctuations associated
with the weekly cycle of exposure due to working in the plant during the week, followed
by exposure cessation during the 2 days off
between consecutive weeks. We investigated
a population with well-characterized exposure
that also allowed for contrasting subjects over
a wide range of different exposure levels. Our
study was based on subjects working in several
work areas of the same factory and did not
include a different population of subjects without a specific condition of exposure to inhaled
pollutants. However, our primary evaluation
of the short-term effects of PM exposure was
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based on a comparison of paired baseline and
postexposure samples from the same subjects,
in which each subject served as his own control. Moreover, in the regression models evaluating the dose–response relationships of PM
exposure levels with baseline or postexposure
measures of LTL, hTERT mRNA levels,
and hTERT methylation, we controlled for
potential confounders by fitting multivariable
models that included as independent variables
several individual characteristics.
Limiting our investigation to individuals
working in the same facility avoided potential
concerns that are related to the selection of
external control subjects, who might have differed from the exposed population in terms of
socioeconomic factors and other characteris
tics determining hiring into the plant (Pearce
et al. 2007). Nonetheless, the differences in
the personal levels of exposure in our study
group were large, providing sufficient contrast
for identifying exposure-related associations.
For example, the lowest level of PM10 observed
in our study population (74 μg/m3) was only
marginally higher than ambient PM10 levels measured in the geographic area in which
the plant is located [average annual ambient
PM10 levels between 41 and 57 μg/m3 were
recorded in the year of the study by different
ambient monitoring stations in the Brescia
area (Anselmi 2006)], whereas the highest level
was 1,220 μg/m3. Workers in foundries may
have additional exposures in addition to PM,
including polycyclic aromatic hydrocarbons
(Mirer 1998), carbon monoxide (Lewis et al.
1992), and nonionizing radiation (Gomes et al.
2002). Although the participants in our study
were in a modern steel-production facility with
state-of-the-art systems for chemical and physical exposure reduction, we cannot exclude that
these exposures might have contributed to the
observed associations.
We designed our study to take advantage
of temporal short-term variations in the exposure due to the weekly cycle of days of work
and days off. However, we acknowledge that
factors other than the exposure to airborne PM
that undergo variations over a week might have
influenced the results. For instance, smoking
patterns might vary between working and leisure time. We showed that the postexposure
increase in LTL was present both in current
smokers and in nonsmokers, thus limiting the
odds that our findings were driven by recent
patterns of active smoking. However, we cannot exclude that other unmeasured risk factors,
including recent exposure to passive smoking,
influenced our results.

Conclusions
Our study showed an increase in blood LTL
associated with short-term exposure to PM in
a group of steel workers. We did not find evidence that the increase in LTL was mediated
volume

by changes in hTERT mRNA expression and
hTERT methylation. Future studies are warranted to clarify the mechanisms underlying
the increase in LTL induced by short-term
PM exposure, as well as its potential roles in
mediating PM effects.
References
Andjelkovich DA, Mathew RM, Richardson RB, Levine RJ.
1990. Mortality of iron foundry workers: I. Overall findings.
J Occup Med 32:529–540.
Anselmi U, Patelli R. 2006. Rapporto sulla Qualità dell’Aria di
Brescia e Provincia: Anno 2006 [in Italian]. Lombardia:Agenzia
Regionale per la Protezione dell’Ambiente delle Lombardia.
Available: http://ita.arpalombardia.it/ita/qaria/pdf/RQA-2006/
RQA_BS_2006.pdf [accessed 24 March 2011].
Bekaert S, De Meyer T, Rietzschel ER, De Buyzere ML,
De Bacquer D, Langlois M, et al. 2007. Telomere length and
cardiovascular risk factors in a middle-aged population
free of overt cardiovascular disease. Aging Cell 6:639–647.
Blackburn EH. 2001. Switching and signaling at the telomere.
Cell 106:661–673.
Bollati V, Baccarelli A, Hou L, Bonzini M, Fustinoni S, Cavallo D,
et al. 2007. Changes in DNA methylation patterns in subjects
exposed to low-dose benzene. Cancer Res 67:876–880.
Brook RD, Franklin B, Cascio W, Hong Y, Howard G, Lipsett M,
et al. 2004. Air pollution and cardiovascular disease: a statement for healthcare professionals from the Expert Panel on
Population and Prevention Science of the American Heart
Association. Circulation 109:2655–2671.
Cawthon RM. 2002. Telomere measurement by quantitative
PCR. Nucleic Acids Res 30:e47; doi:10.1093/nar/30.10.e47
[Online 23 March 2002].
Chuang KJ, Chan CC, Su TC, Lee CT, Tang CS. 2007. The effect
of urban air pollution on inflammation, oxidative stress,
coagulation, and autonomic dysfunction in young adults.
Am J Respir Crit Care Med 176:370–376.
Cong YS, Bacchetti S. 2000. Histone deacetylation is involved in
the transcriptional repression of hTERT in normal human
cells. J Biol Chem 275:35665–35668.
de Lange T. 1998. Telomeres and senescence: ending the debate.
Science 279:334–335.
Dessain SK, Yu H, Reddel RR, Beijersbergen RL, Weinberg RA.
2000. Methylation of the human telomerase gene CpG
island. Cancer Res 60:537–541.
Dockery DW, Pope CA III, Xu X, Spengler JD, Ware JH, Fay ME,
et al. 1993. An association between air pollution and mortality in six U.S. cities. N Engl J Med 329:1753–1759.
Fitzpatrick AL, Kronmal RA, Gardner JP, Psaty BM, Jenny NS,
Tracy RP, et al. 2007. Leukocyte telom ere length and
cardiovascular disease in the cardiovascular health study.
Am J Epidemiol 165:14–21.
Gomes J, Lloyd O, Norman N. 2002. The health of the workers
in a rapidly developing country: effects of occupational
exposure to noise and heat. Occup Med (Lond) 52:121–128.
Greider CW. 1996. Telom ere length regulation. Annu Rev
Biochem 65:337–365.
Guilleret I, Yan P, Grange F, Braunschweig R, Bosman FT,
Benhattar J. 2002. Hypermethylation of the human telomerase catalytic subunit (hTERT) gene correlates with
telomerase activity. Int J Cancer 101:335–341.
Hassing HC, Twickler TB, Kastelein JJ, Cramer MJ, Cassee FR.
2009. Air pollution as noxious environmental factor in
the development of cardiovascular disease. Neth J Med
67:116–121.
Hodes RJ, Hathcock KS, Weng NP. 2002. Telomeres in T and B
cells. Nat Rev Immunol 2:699–706.
Hoxha M, Dioni L, Bonzini M, Pesatori AC, Fustinoni S,
Cavallo D, et al. 2009. Association between leukocyte
telomere shortening and exposure to traffic pollution: a
cross-sectional study on traffic officers and indoor office
workers. Environ Health 8:41; doi:10.1186/1476-069X-8-41
[Online 21 September 2009].
Lewis S, Mason C, Srna J. 1992. Carbon monoxide exposure in
blast furnace workers. Aust J Public Health 16:262–268.
Li C, Wu MY, Liang YR, Wu XY. 2003. Correlation between
expression of human telomerase subunits and telomerase
activity in esophageal squamous cell carcinoma. World J
Gastroenterol 9:2395–2399.
Liu K, Hodes RJ, Weng N. 2001. Cutting edge: telomerase

119 | number 5 | May 2011 • Environmental Health Perspectives

Particulate matter and telomere length

activation in human T lymphocytes does not require
increase in telomerase reverse transcriptase (hTERT)
protein but is associated with hTERT phosphorylation and
nuclear translocation. J Immunol 166:4826–4830.
Liu L, Lai S, Andrews LG, Tollefsbol TO. 2004. Genetic and epigenetic modulation of telomerase activity in development
and disease. Gene 340:1–10.
Livak KJ, Schmittgen TD. 2001. Analysis of relative gene
expression data using real-time quantitative PCR and the
2−ΔΔCT method. Methods 25:402–408.
Lopatina NG, Poole JC, Saldanha SN, Hansen NJ, Key JS,
Pita MA, et al. 2003. Control mechanisms in the regulation
of telomerase reverse transcriptase expression in differentiating human teratocarcinoma cells. Biochem Biophys
Res Commun 306:650–659.
McCracken J, Baccarelli A, Hoxha M, Dioni L, Coull B, Suh H, et al.
2010. Annual ambient black carbon associated with shorter
telomeres in elderly men: Veterans Administration Normative
Aging Study. Environ Health Perspect 118:1564–1570.
Mirer FE. 1998. Automobile and transportation equipment industry. In: Encyclopedia of Occupational Safety and Health,
Vol 4. 4th ed. Geneva:International Labour Office, 92.1–92.8.
Morla M, Busquets X, Pons J, Sauleda J, MacNee W,
Agusti AG. 2006. Telomere shortening in smokers with and
without COPD. Eur Respir J 27:525–528.
Norrback KF, Dahlenborg K, Carlsson R, Roos G. 1996.

Environmental Health Perspectives •

volume

Telomerase activation in normal B lymphocytes and nonHodgkin’s lymphomas. Blood 88:222–229.
Pavanello S, Bollati V, Pesatori AC, Kapka L, Bolognesi C,
Bertazzi PA, et al. 2009. Global and gene-specific promoter
methylation changes are related to anti-B[a]PDE-DNA
adduct levels and influence micronuclei levels in polycyclic
aromatic hydrocarbon-exposed individuals. Int J Cancer
125:1692–1697.
Pearce N, Checkoway H, Kriebel D. 2007. Bias in occupational
epidemiology studies. Occup Environ Med 64:562–568.
Schwartz J. 2001. Air pollution and blood markers of cardio
vascular risk. Environ Health Perspect 109(suppl 3):405–409.
Seaton A, MacNee W, Donaldson K, Godden D. 1995.
Particulate air pollution and acute health effects. Lancet
345:176–178.
Shin KH, Kang MK, Dicterow E, Park NH. 2003. Hypermethylation
of the hTERT promoter inhibits the expression of telomerase activity in normal oral fibroblasts and senescent
normal oral keratinocytes. Br J Cancer 89:1473–1478.
Suwa T, Hogg JC, Quinlan KB, Ohgami A, Vincent R, van Eeden SF.
2002. Particulate air pollution induces progression of atherosclerosis. J Am Coll Cardiol 39:935–942.
Tan WC, Qiu D, Liam BL, Ng TP, Lee SH, van Eeden SF, et al.
2000. The human bone marrow response to acute air pollution caused by forest fires. Am J Respir Crit Care Med
161:1213–1217.

119 | number 5 | May 2011

Tarantini L, Bonzini M, Apostoli P, Pegoraro V, Bollati V,
Marinelli B, et al. 2009. Effects of particulate matter on
genomic DNA methylation content and iNOS promoter
methylation. Environ Health Perspect 117:217–222.
Terashima T, Wiggs B, English D, Hogg JC, van Eeden SF. 1997.
The effect of cigarette smoking on the bone marrow. Am J
Respir Crit Care Med 155:1021–1026.
Valdes AM, Andrew T, Gardner JP, Kimura M, Oelsner E,
Cherkas LF, et al. 2005. Obesity, cigarette smoking, and
telomere length in women. Lancet 366:662–664.
Vera E, Canela A, Fraga MF, Esteller M, Blasco MA. 2008.
Epigenetic regulation of telom eres in human cancer.
Oncogene 27:6817–6833.
Weng NP, Granger L, Hodes RJ. 1997. Telomere lengthening
and telomerase activation during human B cell differentiation. Proc Natl Acad Sci USA 94:10827–10832.
Weng NP, Hathcock KS, Hodes RJ. 1998. Regulation of telo
mere length and telomerase in T and B cells: a mechanism
for maintaining replicative potential. Immunity 9:151–157.
Weng NP, Levine BL, June CH, Hodes RJ. 1995. Human naive and
memory T lymphocytes differ in telomeric length and replicative potential. Proc Natl Acad Sci USA 92:11091–11094.
Yi X, Tesmer VM, Savre-Train I, Shay JW, Wright WE. 1999.
Both transcriptional and posttranscriptional mechanisms
regulate human telomerase template RNA levels. Mol Cell
Biol 19:3989–3997.

627

