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Abstract
Background: Although relationships between exposure to air pollution and reproductive health are broadly studied,
mechanisms behind these phenomena are still unknown. The aim of the study was to assess whether exposure to
particulate matter (PM10) and tobacco smoking have an impact on menstrual profiles of 17β-estradiol (E2) and pro‑
gesterone (P) and the E2/P ratio.
Methods: Levels of sex hormones were measured daily in saliva during the entire menstrual cycle among 132
healthy, urban women. Exposure to smoking (active or passive) was assessed by questionnaire, whilst exposure to
PM10 with municipal monitoring data.
Results: During the early luteal phase, profiles of E2 were elevated among women with higher versus lower expo‑
sure to PM10 (p = 0.02, post-hoc tests). Among those who were exposed versus unexposed to tobacco smoking, the
levels of mean E2 measured during the entire cycle were higher (p = 0.02). The difference in mean E2 levels between
the group of joint exposure (i.e. to high PM10 and passive or active smoking) versus the reference group (low PM10,
no smoking) was statistically significant at p = 0.03 (18.4 vs. 12.4 pmol/l, respectively). The E2/P ratios were higher
among women with higher versus lower exposure to PM10 and this difference was seen only in the early luteal phase
(p = 0.01, exploratory post-hoc tests).
Conclusions: We found that PM10 and tobacco smoking affect ovarian hormones independently and do not
interact with each other. Both exposures appear to have estrogenic effects even though women’s susceptibility to
these effects differs across the menstrual cycle. We propose that the hormonal mechanisms are involved in observed
relationships between air pollution and smoking with women’s reproductive health.
Keywords: Air pollution, Particulate matter, PM10, Cigarette smoke, Polycyclic aromatic hydrocarbons, PAH, Estradiol,
Estrogens, Progesterone, Gonadal Steroid Hormones, Menstrual cycle, Luteal phase, Reproductive health
Background
Ambient particle matter and tobacco smoke, in addition
to being a contributor to air pollution, are considered to
be the world’s largest environmental health threats due
to its role in increased incidence, morbidity and mortality of many diseases [1, 2]. Particularly, exposure to both
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pollutants may lead to adverse reproductive and perinatal problems, such as infertility, subfecundity, variable
menstrual cycle length, miscarriage, and stillbirth, as well
as other poor pregnancy outcomes, suggesting strong
impact on reproductive function in women [3–7].
Many aspects of a women’s reproductive health
depend on the level and ratio of the two main female
sex hormones—17β–estradiol (E2) and progesterone
(P) [8]. In addition, E2/P imbalance, known as the
“unopposed estrogen hypothesis”, negatively affects
embryo implantation and has been used as a predictor
in the outcome of assisted reproductive techniques [9,
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10]. Further, any disturbances in the concentration of
these circulatory sex hormones can lead to a disruption in the reproductive functions mentioned above
and enhance the risk of hormone-dependent cancers
[11–16].
Some elements in the complex mixture of chemicals,
consisting of the volatile or semi-volatile compounds
in the gas phase or attached to the respirable particulate matter (PM) and cigarette smoke, are identified as
environmental endocrine disrupting chemicals (EDC)
[17–19]. The correlation between concentrations of
PM10 and PM10-bound polycyclic aromatic hydrocarbons (PAHs) was found to be correlated [18–22]. Some
PAHs have been reported to act as agonists while others as antagonists of estrogens [23, 24] and, thus, influencing ovarian estrogens levels. Prolonged exposure
to air pollution and cigarette smoke containing PAHs
compounds may affect the amount of estrogens in
a woman’s body over the course of her life, resulting
in an increased risk of breast cancer [11–16]. Breast
cancer risks have been shown to be elevated in urban
areas where air pollution levels are higher [25]. Furthermore, an excessive amount of E2 without concomitantly high levels of P seems to be responsible for an
increased risk of endometrial cancer [26, 27].
Given the similarities in the biological mechanisms
of both types of pollutants, it is plausible that the
widespread exposure to a combination of ambient particle matter (PM10) and cigarette smoke may impact
the level of E2 in women residing in an environment
with higher levels of pollutants. In line with these findings, we sought to assess whether the joint exposure to
PM10 and active/secondhand smoking acts additively
on sex hormone concentrations. We also investigated
the separate effects of PM10 and tobacco smoke, a surrogate for exposure to PAHs, on daily measurements
of salivary levels of unbound, bioactive E2 and P collected during one menstrual cycle in regularly cycling,
healthy premenopausal women.

Methods
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Hormonal measurements

During one entire menstrual cycle each woman collected
daily morning saliva samples to assess the levels of 17-β
estradiol (E2) and progesterone (P). Morning saliva samples were collected daily throughout the entire menstrual
cycle by participants beginning on the first day of menstruation. After waking up, each women collected saliva
samples in plastic tubes pretreated with sodium azide
following published protocols [28]. For the ease of collecting saliva, participants were provided with laboratory
tested chewing gum. Samples were stored in a refrigerator until the date of shipment to the Laboratory of Reproductive Ecology, Harvard University, where the samples
were analyzed. At the laboratory, all samples were stored
at -280C and thawed at the time of analysis. Incomplete
collection or loss during laboratory procedures were
responsible for only 5.3% of daily samples missing [29].
Both hormones were analyzed using radioimmunoassay method with published modifications to the
manufacturer’s protocol [30]. Estradiol measurements
were performed with I-125-based radioimmunoassay kit
(#39100, Diagnostic Systems Laboratories, Webster, TX,
USA) I-125 (#39100, Diagnostic Systems Laboratories,
Webster, TX, USA). Progesterone measurements were
performed with I-125 based radiomunoassay kit (#3400,
Diagnostic Systems Laboratories, Webster, TX, USA).
Saliva samples from 20 days (reverse cycle days—5
to—24) of each cycle were analyzed for the concentration
of E2. In order to estimate the day of ovulation, cycles
were aligned on the basis of identification of the day of
the midcycle estradiol drop (day 0), according to the published methods [30]. The mean E2 values from 18 consecutive days of each menstrual cycle aligned on day 0
(i.e. between days − 9 and + 8) were used in the analyses
because of higher variation in E2 measurements found at
the beginning and at the end of the cycles.
Concentrations of P were analyzed in samples aligned
on day 0 (pointed out in the profiles of E2), starting from
the day 2 and up to day 8 of the luteal phase. Thus 7 consecutive daily samples of the luteal phase of each cycle
were assayed for P.

Study participants

One hundred and thirty six Polish urban women
between 24 and 35 years of age were recruited by
advertisements between June 2001 and June 2003.
They were able to participate in the study if they had
regular menstrual cycles, no fertility problems, and
gynecological and chronic disorders (i.e. diabetes,
hypo/hyperthyroidism), did not take any hormonal
medication or use hormonal contraception and had
not been pregnant or lactating during the 6 months
before recruitment.

Particulate matter exposure assessment

To assess the exposure to ambient air pollution during
the menstrual cycle for each woman, municipal ecological monitoring data was used. The raw ambient air
quality data was primarily extracted from the State Environmental Monitoring the system maintained by the
Inspector for Environmental Protection of the Malopolska Region. Exposure measurements of particles with an
aerodynamic diameter of ≤ 10 μm PM10 [μg/m3] were
taken from all available monitoring stations (five in year
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In order to investigate the combined effect of exposure to PM10 and smoking, women were divided into
4 groups: low exposure to PM10 and non-exposed
to smoke (“LowPM-nSM”, the reference condition),
high exposure to PM10 and non-exposed to smoke
(“HighPM-nSM”), low exposure to PM10 and exposed
to smoke (“LowPM-SM”), and high exposure to PM10
and exposed to smoke (“HighPM-SM”).
Descriptive statistics and frequency distributions
were used to summarize the characteristics of participants. Differences among PM10 and Total Smoke
Exposure groups in potentially confounding factors,
including anthropometric, reproductive, and lifestyle characteristics were tested with simple t-tests
with PM10 groups as grouping variable. For not equal
variances, the t-test for separate variance estimates
were applied. To compare differences in frequencies
of nominal potential confounders between PM10 and
Total Smoke Exposure groups, a chi-square test was
performed.
To assess the association between two exposures: PM10
exposure and smoking, and hormonal profiles, a repeated
measures analysis of covariance (RM-ANCOVA) with
group-by-time interaction terms was used. Adjusted univariate significance tests were carried out, because our
data did not meet the assumption of sphericity (Mauchly
criterion close to zero, p < 0.001). To account for the
within-subject correlation, the Huynh and Feldt adjustment (H–F adjustment) for F test was applied.
In order not to exclude women with missing values of
hormonal data from the RM-ANCOVA, linear interpolation was used. For participants that skipped no more than
2 consecutive days of the menstrual cycle, missing value
(or values) was calculated as a mean of two neighboring
measurements, whilst for the missing values appeared
at the end of the interval, the value from the day next to
the missing value was used. The number of estimated E2
values in the entire group of women was 6%, whilst p values—below 5%.
The E2/P ratio during each day of the luteal phase
(between day 2 and day 8) was calculated. The hormonal
measurements design was shown on Table 1.

2000, four in year 2002 and three in year 2003), covering
most of the areas of the Krakow city. The raw measurements of PM10 were available as 1 h averages and were
available for 84%, 84% and 96% of all working monitoring
stations in years 2000, 2002 and 2003, respectively. The
hourly measurements of PM10 were averaged arithmetically across all monitoring stations and calculated as 24-h
averages (between 6 a.m. the given day of taking of saliva
sample to 7 a.m. the day before).
Smoking exposure assessment

The current smoking status (yes or no) and current exposure to passive smoking at home (yes or no) was collected
with a general questionnaire (partly administered by an
interviewer and partly self-reported).
Other measurements

A general questionnaire was also used to collect information on education, sociodemographic factors (such
as age, marital status), reproductive history (age at
menarche, age at first birth and parity) as well as past use
of hormonal medication. The current menstrual cycle
length during saliva sample collection was reported with
a structured diary.
Anthropometric measurements (body height, body
weight, and body fat %) were taken twice for every participant. A detailed description of anthropometric methods
was published previously [30].
Statistical analysis

Participants were categorized into two groups of PM10
based on their exposure during the entire menstrual
cycle (lower and higher exposure) according to PM10
median value.
Due to the association between smoking status and
passive smoking, the dichotomous variable “Total Smoke
Exposure” (“TSE”), describing total exposure to tobacco
smoke was calculated. Women were categorized as being
exposed either as an actual smoker or a passive smoker
(category: “smoke”, “SM”) or as not being exposed neither
as an active nor passive smoker (category: “non-exposed
to smoke”, “nSM”).

Table 1 The frequency of hormonal measurements of the study
Phases

Mid-follicular

Late follicular

Ovulatory

Days of the cycle

−9

−8

−7

−6

−5

−4

−3

−2

−1

0

Estradiol (E2) measurements

X

X

X

X

X

X

X

X

X

X

Early luteal

Mid-luteal

1

2

3

4

5

6

7

8

X

X

X

X

X

X

X

X

Progesterone (P) measurements

X

X

X

X

X

X

X

E2/P ratio calculations

X

X

X

X

X

X

X

The “X” represents the day of sample collection or E2/P ratio calculation
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Two dichotomous variables: groups of PM10 exposure
(low and high) and Total Smoke Exposure (nSM and SM)
were entered as between-subject factors, whilst hormone levels (previously logarithmically transformed) as
within—subject factor of the repeated measures, called
“time” (with 18 levels for E2, with 7 levels for P and E2/P
ratio). Thus, possible differences in hormonal profiles
across PM10 and Total Smoke Exposure groups were
to be explored. Because we found that the PM10 levels
correlated with age, which in turn can be linked with sex
steroids levels, age was entered in the final models as
confounder. Moreover, since menstrual cycle length is
known from the literature to be important confounder of
the association between particulate matter and ovarian
hormones, this additional factor was also included in the
repeated measures ANCOVA models.
All hormonal data were logarithmically transformed
before entered to the models. Because the interaction
between "time" and PM10 groups appeared to be statistically significant, an exploratory post-hoc analyses
were performed. Then, a contrast test between low and
high PM10 groups was used to further explore the association between pollution and sex hormones during particular phases of the cycle. In order to do so, the cycle
was divided into phases: mid-follicular (days from − 9
to − 5), late follicular (days from − 4 to − 2), ovulatory
(days from − 1 to 1), early luteal (days from 2 to 4) and
mid-luteal (days from 5 to 8). These contrasts analysis
were only exploratory in nature, and thus did not needed
standardization to multiple comparison [31].
Next, we investigated whether hormonal response of
PM10 (low vs. high) differs across the groups of Total
Smoke Exposure (nSM vs. SM) by incorporating an interaction terms (Total Smoke Exposure × PM10 groups) and
(Total Smoke Exposure × PM10 groups × Time) into the
final RM-ANCOVA models.
The joint effect of both exposures i.e. PM10 and smoke
on E2 levels was investigated by building a new model of
repeated measures ANCOVA with 4 groups as betweensubject factor: “HighPM-nSM”, “LowPM-SM”, “HighPMSM”, and “LowPM- nSM”, treated as the reference
condition, and E2 (with 18 levels) as within-subject factor
of the repeated measures, called “time”, with cycle length
and age as continuous confounders. This model allows
for reporting the separate effect of each exposure as well
as the joint effect compared with the unexposed group
as a joint reference category, what follows the STROBE
(Strengthening the Reporting of Observational Studies in
Epidemiology) [31].
Additionally, adjusted linear trend was tested by treating 4 groups of women (“LowPM- nSM”,“HighPM- nSM”,
“LowPM- SM”, and “HighPM- SM”) as a single ordinal variable in adjusted model. Results were considered
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statistically significant at a p value < 0.05. Statistica 13.0
software was used for all statistical analyses.
Based on the observed effect sizes, a post-hoc power
analysis was performed. Power analysis was conducted
retrospectively because there were no prior research data
in the literature to project data variance prospectively.
Study sample

Out of 136 women who collected saliva samples, we
excluded 4 women, because of missing data about the
date of the cycle and thus impossibility of assessing the
pollution exposure. Performing repeated measures analyses were possible for women for whom a reliable identification of the day of the mid-cycle E2 drop could be made,
and for whom a full profiles (including profiles of interpolated values) were present. Full E2 profiles aligned on Day
0 (for 18 cycle days) were available for n = 117 women,
full P profiles (for 7 cycle days) were available for n = 120
women, whilst full E2/P ratios profiles (for 7 cycle days)
were available for n = 120 women. The number of women
analyzed in a final models may vary because of missing
values in confounding factors.

Results
General characteristics of women

Age of participants ranged from 24 to 35 years
(Mean = 29.5). Among all women participating in the
study, 60.3% reported to be ever married. The mean age
of menarche was 13.2 years (SD = 1.4). The usual cycle
length was 29 days ≤ among 50% of the participants with
a range between 24 and 39 days. At the time of the study,
64% women reported to be nulliparous. The mean body
weight ranged from 42.1 to 84.6 kg (Me = 58.2), the average body fat content was 25.2%. The average body height
equaled 164.5 cm. The median body mass index (BMI)
was 21.4 kg/m2.
A total of 18.3% of women (n = 24) classified themselves as a current smoker at the time of the study entry,
while 27% of the participants reported to live with a
smoker. Taking passive and active smoking together,
33.3% of women were exposed to either or both kinds
of smoke (SM group), whilst 63.6% remained unexposed
(nSM group). The median value of PM10 exposure during the menstrual cycles days was 54.8 μg/m3 with a minimum of 29.3 μg/m3 and a maximum of 93.6 μg/m3.
Reproductive, anthropometric and lifestyle characteristics of women were similar in the two groups of PM10
levels except for participant’s age and Total Smoke Exposure (Table 2). The mean age was significantly lower in
the group of low versus high exposure to PM10 (28.9 vs.
30.1 years). Among high PM10 group, women were classified more likely as non-exposed to smoke than exposed
to smoke (74% vs. 26%, respectively), whilst in the low
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Table 2 Anthropometric, reproductive, and lifestyle characteristics of women across PM10 groups
Characteristics

Level

Age [years]

Age at first child [years]

Parity status

No
Yes

Menarcheal age [years]

Cycle length [days]

Height [cm]

Body fat [%]

Body mass index* [kg/m2]

Body weight [kg]

Marital status

Single
Ever married

Smoking status

Non-smoker
Smoker

Living with smoker

No
Yes

Total Smoke Exposure

nSM
SM

Statistics

PM10 exposure
Low

High

N

60

70

Mean

28.9

30.1

SD

2.8

3.3

N

20

30

Mean

24.5

23.9

SD

2.3

3.6

N

40

40

%

66.7

57.1

N

20

30

%

33.3

42.9

N

60

68

Mean

13.5

13.0

SD

1.6

1.2

N

61

70

Median

29.0

27.5

IQR

26.0–32.0

26.0–30.0

N

61

70

Mean

164.3

164.7

SD

6.0

6.1

N

60

69

Mean

26.1

24.3

SD

5.4

6.5

N

61

70

Median

22.5

20.8

IQR

20.3–24.3

19.9–23.3

N

60

70

Mean

60.8

59.1

SD

8.1

9.0

N

24

26

%

40.7

37.1

n

35

44

%

59.3

62.9

N

43

60

%

74.1

87.0

N

15

9

%

25.9

13.0

N

38

54

%

65.5

78.3

N

20

15

%

34.5

21.7

N

32

51

%

55.2

73.9

N

26

18

%

44.8

26.1

Test

t test; df = 128; p = 0.032

t test; df = 48; p = 0.570

Pearson Chi-square: 1.2, df = 1, p = 0.266

t test, separate variance estimates; df = 106; p = 0.060

Mann–Whitney U test, p = 0.115

t test; df = 129; p = 0.715

t test; df = 127; p = 0.104

Mann–Whitney U test, p = 0.076

t test; df = 128; p = 0.282

Pearson Chi-square = 0.2; df = 1, p = 0.681

Pearson Chi-square = 3.4, df = 1, p = 0.066

Pearson Chi-square = 2.6, df = 1, p = 0.109

Pearson Chi-square = 4.9, df = 1, p = 0.027

IQR interquartile range (Q1–Q3)
*Body mass index was calculated as a participant’s weight (in kilograms) divided by the square of participant’s height (in metres)
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PM10 group, the difference between non-exposed and
exposed to smoke was lower (55% vs. 45%, respectively,
Table 2). Reproductive, anthropometric and lifestyle
characteristics of women did not significantly differ
across Total Smoke Exposure groups (Table 3).
Estradiol profiles across PM10 groups and Total Smoke
Exposure groups

Among regularly menstruating women, the mean levels of E2 among exposed to higher levels of PM10 were
elevated in comparison to those who were exposed to
lower PM10 levels, however, the difference was not statistically significant (17.0 pmol/1 vs. 14.3 pmol/l, betweensubjects test, F 1,108 = 3.05, p = 0.08), after adjustments

(Table 4). The same RM-ANCOVA model with Huynh–
Feldt corrections showed that the difference in E2 profiles
between low and high PM groups varied throughout days
of menstrual cycle, as shown by the significant PM10
groups × time interaction term (within-subjects test, F
17,1836 = 1.94, p = 0.02, with H–F correction). Profiles
of E2 in two groups of women exposed to low and high
levels of PM10 are shown in Fig. 1. To further explore the
differences in E2 profiles across two exposure groups, we
conducted an exploratory post-hoc analyses, separately in
each phase of the menstrual cycle. We observed that the
differences in E2 profiles between women of high and low
exposure to PM10 were seen in the early luteal phase of
the cycle. The E2 levels measured during days 2–4 of the

Table 3 Anthropometric, reproductive, and lifestyle characteristics of women across Total Smoke Exposure groups
Characteristics

Level

Statistics

Total Smoke Exposure
nSM

Age [years]

Age at first child [years]

Parity status

84

44

29.8

29.0

SD

3.2

2.9

N

31

17

Mean

24.7

22.9

SD

3.3

2.5

52

28

%

61.9

63.6

Yes

N

32

16

Height [cm]

Body fat [%]

Body mass index* [kg/m2]

Body weight [kg]

Single
Ever married

*Significance was set at p = 0.05

N
Mean

N

Cycle length [days]

Marital status

SM

No

Menarcheal age [years]

Test

%

38.1

36.4

N

82

43

Mean

13.3

13.3

SD

1.3

1.6

N

84

44

Median

28.0

29.0

IQR

26.0–31.5

26.0–30.0

N

84

44

Mean

164.6

164.2

SD

6.0

6.2

N

83

44

Mean

25.2

25.1

SD

6.4

5.4

N

88

44

Median

21.1

22.1

IQR

20.0–23.8

20.0–24.0

N

84

44

Mean

59.7

60.0

SD

8.5

8.7

N

34

15

%

40.5

34.9

N

50

28

%

59.5

65.1

t test; df = 126; p = 0.218

t test; df = 46; p = 0.055

Pearson Chi-square: 0.04, df = 1, p = 0.849

t test; df = 123; p = 0.876

Mann–Whitney U test, p = 0.625

t test; df = 126; p = 0.748

t test; df = 125; p = 0.944

Mann–Whitney U test, p = 0.475

t test; df = 126; p = 0.819

Pearson Chi-square = 0.38, df = 1, p = 0.541
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Table 4 Effects of two exposures (PM10 and Tobacco Smoke) on Estradiol (E2), Progesterone (P) levels and E2/P ratio, after
standardization to age and cycle length
Variable

Level

Mean

SE

Between-subject
effects

Withinsubject
effects

p value

p value
(with H–F
corrections)

Estradiol [pmol/l]—entire cycle
PM10
Total Smoke Exposure
PM10 × Total Smoke Exposure

PM10 × Total Smoke Exposure (4 groups)*

Low

14.3

1.07

[Ref.]

[Ref.]

High

17.0

1.07

0.08

0.02

nSM

13.8

1.06

[Ref.]

[Ref.]

SM

17.7

1.09

0.02

0.18

0.64

0.41

Interaction effect
LowPM-nSM

12.4

1.10

[Ref.]

[Ref.]

HighPM-nSM

15.3

1.07

0.09

0.02

LowPM-SM

16.5

1.11

0.04

0.17

HighPM-SM

18.4

1.16

0.03

0.27

Progesterone [pmol/l]—luteal phase
PM10
Total Smoke Exposure

Low

130.4

1.08

[Ref.]

[Ref.]

High

130.7

1.08

0.99

0.19

nSM

129.0

1.07

[Ref.]

[Ref.]

SM

132.2

1.10

0.84

0.30

0.85

0.16

PM10 × Total Smoke Exposure

Interaction effect

PM10

Low

0.1

1.11

[Ref.]

[Ref.]

High

0.2

1.12

0.11

< 0.01

nSM

0.1

1.09

[Ref.]

[Ref.]

SM

0.1

1.14

0.26

0.23

0.80

0.23

Total Smoke Exposure
PM10 × Total Smoke Exposure

Estradiol/Progesterone ratio—luteal phase

Interaction effect

Means were derived from calculations on log-transformed values and then back-transformed by taking the antilog
*Model with dummy variables

luteal phase was elevated when exposure to PM10 was
high in comparison to the E2 levels noted when PM10
concentrations was low (F 1,108 = 5.22, p = 0.02). There
were no statistically significant differences in E2 profiles in other phases of the cycle, i.e. the mid-follicular (F
1,108 = 2.91, p = 0.09), the late follicular (F 1,108 = 3.13,
p = 0.08), the ovulatory (F 1,108 = 3.21, p = 0.08), and the
mid-luteal (F 1,108 = 0.25, p = 0.61).
Among women belonging to SM group, i.e. exposed
to either passive or active smoking, the mean levels of
E2 was higher in comparison to the group who were
non-exposed to smoking at all—nSM (17.7 pmol/1
vs. 13.8 pmol/l, between-subjects test, F 1,108 = 5.37,
p = 0.02), after controlling for age, particulate matter and
cycle length (Table 4). Levels of E2 measured throughout the entire menstrual cycles in two groups of women
exposed (SM) versus unexposed (nSM) to smoking are
shown in Fig. 2, where the profile of E2 for SM is elevated

in relation to the profile of E2 for nSM for most of the
days of the cycle. The same RM-ANCOVA model with
Huynh–Feldt corrections indicated that the difference in
E2 profiles between exposed to smoke (SM) versus unexposed group (nSM) did not vary throughout days of menstrual cycle, as shown by the nonsignificant Total Smoke
Exposure groups × time interaction term (within-subject
test, F 17,1836 = 1.35, p = 0.18, with H–F correction).
We also found that the effect of PM10 on mean E2
(between-subject test, F 1,107 = 0.22, p = 0.64) or E2 profiles (within-subject test, F 17,1819 = 1.03, p = 0.41) did
not differ in relation to Total Smoke Exposure.
The analysis of joint effects of both exposures i.e.
PM10 and smoking on E2 levels indicated that among
women exposed to low PM10 and not exposed to smoking (as active or passive smoker at baseline, LowPMnSM), the average levels of E2 measured throughout
menstrual cycle was 12.4 pmol/l. This can be considered
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Fig. 1 Profiles of 17-b-estradiol in two groups of regularly menstruating women exposed to low (n = 52) and high (n = 61) levels of PM10, after
controlling for age, active and passive smoking and cycle length

as the background level. In women exposed to high
PM10 at baseline this was 15.3 pmol/l, resulting in a
difference of 15.3–12.4 = 2.8 pmol/l (22.6%). This additional 22.6% increase is likely due only to differences
in PM10, although the difference between HighPMnSM and LowPM-nSM was nonsignificant (p = 0.09).
Among exposed to smoke at baseline, the mean E2 levels was 16.5 pmol/l, resulting in a difference of 16.5–
12.4 = 4.1 pmol/l (33.1%), more due to exposure to
tobacco smoking (p = 0.04). The response level of E2 of
the joint exposure was 18.4 pmol/l and it was found to
be slightly less than additive. The difference in mean E2
levels between the group of joint exposure and the reference condition was statistically significant at p = 0.03.
If an additive interaction between PM10 and smoking
exists, we would expect to see an outcome level of at
least 12.4 + 2.8 + 4.1 = 19.4 pmol/l (when both exposures
occur). The separate and combined response of both
exposures on mean E2 levels of entire menstrual cycle
was plotted on Fig. 3.
Progesterone profiles across PM10 groups and Total Smoke
Exposure groups

The RM-ANCOVA showed that the mean levels of
P did not differ according to the exposure to PM10

concentrations (130.4 pmol/l vs. 130.7 pmol/l, betweensubjects test, F 1,111 = 0.0003, p = 0.99), after controlling for age, active and passive smoking and cycle length.
The same RM ANCOVA model did not show significant
PM10 group × time interaction term (F 6,666 = 1.39,
p = 0.21, Table 4).
The same analysis also showed that the mean P during
the luteal phase did not vary across Total Smoke Exposure groups (132.2 vs. 129.0 pmol/l; between-subjects
test, F 1,111 = 0.04, p = 0.84), after controlling for age,
PM10 and cycle length. There were also no interactions between Total Smoke Exposure groups and time
(between-subjects test, F 6,666 = 1.16, p = 0.32), after
controlling for age, PM10, and cycle length.
There was no effect modification by Total Smoke Exposure of the association between PM10 groups and mean
P (between-subject test, F 1,110 = 0.04, p = 0.85) or PM10
groups and P profiles (within-subject test F6,660 = 1.57,
p = 0.16).
Estradiol/progesterone ratio profiles between PM10
groups and between Total Smoke Exposure groups

After controlling for age, active and passive smoking
and cycle length, RM-ANCOVA model showed that
the difference between low and high PM10 exposure
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Fig. 2 Levels of 17-b-estradiol measured throughout entire menstrual cycle in two groups of women exposed (SM) versus unexposed (nSM) to
smoke

Fig. 3 The separate and combined response of both exposures (PM10 and Total Smoke Exposure) on mean E2 levels of entire menstrual cycle

group in E2/P ratios varied throughout the days of
the luteal phase with menstrual cycle days, as pointed
in the statistically significant PM10 group × time
interaction term (within-subject test, F 6,666 = 4.79,
p = 0.003, with H–F correction, Table 4). Profiles of
E2/P ratios in two groups of women exposed to low
and high levels of PM10 are shown in Fig. 4. Next, an

exploratory post-hoc analysis were run separately for
the early-luteal and the mid-luteal phase. The differences in E2/P ratios between women of high and low
exposure to PM10 were seen only in the early-luteal
phase of the cycle: the E2/P ratios measured during the
days 2–4 of the luteal phase was elevated in a group
of women exposed to high PM10 levels in comparison
to the group of low exposure to PM10 (F 1,111 = 6.23,
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Fig. 4 Profiles of E2/P ratios across two groups of regularly menstruating women exposed to low (n = 53) and high (n = 62) levels of PM10, after
controlling for age, active and passive smoking and cycle length

p = 0.01). There were no differences in E2/P ratios in the
mid-luteal phase of the cycle (F 1,111 = 0.70, p = 0.40).
The same RM-ANCOVA model showed that the
mean E2/P during the luteal phase did not vary across
Total Smoke Exposure groups (between-subjects test,
F 1,111 = 1.26, p = 0.26), after controlling for age, PM10
and cycle length. There was also no interaction between
Total Smoke Exposure groups and time (within-subjects test, F 6,666 = 1.43, p = 0.23) in explaining E2/P
ratios profiles, after controlling to the same confounders
(Table 4).
There was no effect modification by Total Smoke Exposure of the association between PM10 groups and mean
E2/P (between-subject test, F 1,110 = 0.07, p = 0.80) or
PM10 groups and E2/P profiles (within-subject test F
6,660 = 1.46, p = 0.23), after standardization to age and
cycle length (Table 4).
Retrospective repeated measures power analysis based
on observed effect sizes found that the existing sample
size had sufficient power to determine statistically significant differences among PM or TSE groups in estradiol (average 92% power) but not progesterone profiles
(average 51% power), if they existed. As regards interaction effect, actual sample size, had 89% power to determine statistically significant differences among 4 groups

of women (PM10 × Total Smoking Exposure) in estradiol
profiles. However, the observed power of between-subject effects (determining statistically significant differences among PM or TSE groups in mean hormone levels)
was as follows: 52% in estradiol, and only 5% in progesterone levels. This is less than the theoretically desired
the conventional value of 80% power [32].

Discussion
Populations living in urban areas are affected by air pollution, which has become one of the most important
humans’ health risk factors [33–35]. In particular many
studies have shown that air pollution adversely affects
women’s reproductive health including decreased fertility, adverse negative reproductive outcome, low birth
weight or enhances the hormone-related cancer [36–39].
The mechanisms are not entirely understood. We suggest that air pollution may cause those health problems
through disturbances in the metabolism of E2. To our
knowledge, our study is the first that have shown the variation in E2 concentrations across the menstrual cycles of
premenopausal women in relation to exposure to different levels of particulate matter.
Although we did not investigate the mechanisms by
which PM10 may affect the metabolism of estrogen, it is
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likely that this is related to the composition of PM10 and
its biological activities. More than 90% of compounds
that constitute particulate matter belongs to a broad
category of hormonally active compounds, namely polycyclic aromatic hydrocarbons (PAHs), and are regarded
as EDC [18, 20]. Many studies have shown high correlations between concentrations of PM10 and PM10-bound
PAHs [19, 21, 22]. The association between those components in metabolism of estrogen-regulated pathways has
been explored [18, 40, 41]. It is thus justified to suggest
that the PM in ambient air pollution, which is commonly
monitored, can be used as a proxy for PAHs exposure
[22, 42, 43].
The mechanisms through which PM10-PAHs induce
sex hormone changes are unclear. However, PAHs and
their metabolites, which are relatively strong the aryl
hydrocarbon receptor (AhR) ligands, exert both antiestrogenic and estrogenic effects subsequently inhibiting
or enhancing estrogenic signaling via crosstalk between
AhR and estrogen receptors (ERs) or interfere with
the AhR-controlled enzymes [41, 44]. This contradictory effect on metabolism of estrogens strictly depends
on PAHs chemical structure and on the diversity of the
complex PAHs mixture present in air pollution and in
tobacco smoke and their metabolites occur after entering
to the body [23, 45–47].
The biosynthesis of estrogens from cholesterol and
their elimination involves many enzymes which belong
to cytochrome P450 (CYPs) family [48, 49]. Also, PAHs
require metabolic activation by cytochrome P450
enzymes. Therefore, higher bioavailability of E2 may
be expected when PAHs compete with E2 for the same
detoxifying enzymes. However, some other compounds
of PAHs family exert the upregulation of those estrogencatabolizing enzymes which can result in a decrease in
E2 hormone levels. It is possible that the effect of PAHs
exposure on metabolism of estrogen depends also on the
co-stimulation with E2 [50–52].
Another important pathway to alter the rate of estrogen production is by the disturbances in the expression of
cytochrome P450 aromatase. This rate-limiting enzyme
in estrogen biosynthesis is encoded by the CYP19 gene
in human [53]. It was demonstrated that human breast
cells exposed to low-dose environmental endocrine-disrupting compounds, can up-regulate aromatase activity
and importantly, increase the intracellular biosynthesis
of 17β-estradiol [54, 55]. Comprehensive reviews and discussions of the mechanistic pathways through which that
particulate exposure can contribute to the metabolism of
sex steroid hormones and female reproductive health are
provided elsewhere [24, 56, 57].
Regardless of these mechanisms, a brief exposure to
elevated ambient particulate matter may have harmful
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impact on women’s reproduction. Exposure to environmental pollution during sensitive, critical window was
found to induce early pregnancy loss [58, 59] and disturbances in fetal growth, especially during the first trimester [60]. This supports the observation that the uterus is
extremely sensitive to estrogen levels during implantation [61]. As such, even small changes in E2 levels related
to the exposure to PM10 reported in our study may affect
fertility. It has to be noted that the levels of PM10 in Krakow during the period of investigation (June 2001 to June
2003) very often exceeded daily air quality limit value (i.
e. 50 µg m−3) [62].
Cigarette smoke, beyond the ‘common’ constituents
such as nicotine and CO, is a principal source of the components that make up particle-bound PAHs particles [46]
The contribution of environmental tobacco smoke (ETC)
to outdoor PM in an urban area in southeastern Europe,
in particular the quantity of PAHs, was determined by
Gini et al. [63]. They underline that the persistence of
ETS and possible exposures to significant quantities of
tobacco residues outdoors. It was also shown that smoking one cigarette exposes the human respiratory tract to
between 10,000 and 40,000 μg PM and that the composition of PM in cigarette smoke is comparable to that of
other particles generated through combustion of carbonaceous material found in air pollution [64]. Not only
PM in air pollution but also PM in cigarette smoke is a
well-established risk factor for many chronic diseases
including those related to reproductive hormones levels.
Furthermore, epidemiological evidence suggest that cigarette smoke can interfere with steroid hormone transport, storage, metabolism, and clearance, resulting in
changes in circulating hormone concentrations [65–67].
Indeed, some studies have found associations between
smoking status and estrogen and progesterone [65, 68],
while others showed that endogenous estrogen levels do
not vary between nonsmokers and smokers [67, 69, 70].
Reasons for those contradictory results are not clear. It is
likely that the lack of information in most of the smokerelated research about the brands of cigarettes, size and
length of cigarette, manner of smoking and different
additives [71, 72], which affect the amount of particle
matter and its composition emitted with cigarette smoke
and inhaled by smokers and second-hand smokers is
responsible for this inconsistency.
Our findings are consistent with studies reporting higher E2 levels among women exposed to tobacco
smoke [73, 74]. We found that exposure to cigarettes,
either as a passive or active smoker, affects the entire profiles of E2: the mean levels of E2 were significantly higher
among the SM group compared with the nonexposed
group, after controlling for age, PM10 and cycle length. It
was also found that Total Smoke Exposure is not an effect
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modifier of the association between PM10 and hormone
levels or hormone profiles of E2, P or E2/P ratios. This
finding suggests that these two harmful environmental contaminants (tobacco smoke and PM10 pollution)
affect ovarian hormones separately rather than interactively. It is plausible that other constituents than the
compounds in particle matter emanating from cigarette
smoke is responsible for the changes in hormonal milieu.
Exposure to cigarette smoke affects the entire E2 profile,
whilst particulate matter predominantly affects levels
of E2 in the early luteal phase of the cycle, when corpus
luteum—a temporary endocrine structure in female ovaries—develops from an ovarian follicle. It is possible that
tobacco smoke contains different compounds than particulate matter in air pollution which act additionally in
evoking estrogenic effect on menstrual cycle physiology.
However, our results regarding significant differences
in E2 in the early luteal phase were part of a post-hoc,
exploratory analysis, and should be interpreted with
caution.
Several limitations of the study may be pointed out.
First, we found inadequate power to determine statistically significant differences among PM or TSE groups in
progesterone levels. This leads to increasing the risk of a
type II error. A type II error refers to situation when no
statistically significant differences are detected when, in
fact, statistically significant differences actually exist. Second limitation is related to grouping of women into high
and low categories when studying a continuous exposure.
Moreover, grouping of smokers and non-smokers who
lived with a smoker may pose a methodological problem.
Thirdly, we used the self-reported measure of exposure
to smoke, asking only about the current smoking status
(yes or no) and the current exposure to passive smoking (yes or no). It is a quick, straightforward, and inexpensive method of assessment of cigarette use, however
it is possible to study exposure to smoking with use of
biomarkers such as cotinine (a major metabolite of nicotine) assays [72, 75]. This marker is often viewed as the
gold standard for assessing nicotine exposure due to the
objectivity of these measures and the decreased susceptibility to reporting bias. However, the high correlation
of various self-report measures with this and other biomarkers of smoking showed by others [76, 77] justified
our choice of collecting information about the exposure
to smoking.
Another limitation is related to methodology of pollution exposure assessment that did not account for
variation in a distance from a place of residence and a
stationary pollution monitor. However, women living
in metropolitan locations are not exposed to pollutants
only in their place of living, but also in their workplace,
during travel to work, and during all other activities, and
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thus their exposure might be better represented by the
average, city-wide pollution measurement, rather than
by just a station closes to home. This problem was also
discussed by others [6]. Moreover, the quality of the network of air monitoring stations in Malopolska region and
its appropriate coverage of the Krakow residency area is
considered to be satisfactory (3–5 monitoring stations),
what has been shown by the cohort study conducted on
women in the same city [78].
The next methodological problem related to exposure
assessment is not taking into consideration indoor air
quality, which depends on many factors such as types of
windows and the heating system at home. However, the
indoor concentration of PM is highly influenced by outdoor air quality [79] and thus allow us to use only outdoor air pollution as an indicator of exposure, especially
when air purifiers were not frequently used in Krakow
during the time of the study.
A strength of the study was the precise way of assessing the levels of ovarian hormones which was measured
in daily saliva samples. In humans, circulating E2 derives
predominantly from aromatization in peripheral adipose
tissues and 40–60% of the total pool in women circulates
bound to sex hormone-binding globulin SHBG circulation [80]. Whereas only 2–3% of estradiol circulates
freely and this small percentage of E2 is able to enter the
cell and bind to steroid receptors. This free fraction is
often considered to be most active and can be measured
in saliva by radioimmunoassay. Measurement of sex hormones in saliva provides a noninvasive means of assessing changes throughout the menstrual cycle and allows
relatively reliable identification of the menstrual phases
as follicular, ovulation and luteal [81]. This method is
especially valid in population studies [82], because saliva
is one of the most accessible fluids in the human body
and it can be obtained frequently, easily, safely, in nonclinical settings, and with low cost. The methodology
was validated and results were published previously [81,
83]. The sensitivity and precision of the salivary E2 assay
make it comparable with assays of serum E2 for assessing
changes in hormone levels [84]. In our study the radioimmunoassay was used to measure this unbound fraction
of β-estradiol and progesterone in each day of the entire
menstrual cycle or respectively in luteal phase in salivary
samples. At this stage of our study, it is impossible to elucidate the reason why the circulating E2 concentration
across the menstrual cycle in women exposed to higher
than 54.8 µg/m3 PM10 is enhanced as compared to
women exposed to lower levels of PM10. However, additionally to the reasons mentioned above, the unbound
estrogen concentrations may be elevated in polluted
environment due to the competition between PAHs with
endogenous estrogen for binding to SHBG. It was shown
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that some xenoestrogens were able to dose-dependently
increase concentrations of hSHBG-unbound testosterone and/or estradiol in native plasma from normal men
and women [85].

Conclusions
This is the first study that has directly examined the associations of PM10 and cigarette smoke with measures of
daily changes across menstrual cycle in premenopausal
women. We suggest that reproductive hormone concentrations are very sensitive to air pollution. The health
consequences of this, especially the enhancement of E2
and in the ratio between E2/P in women exposed to the
higher than European daily norm of PM10 discussed
above, should not be ignored, given that the air pollution
is one of the less modifiable lifestyle variables. Furthermore, most people living in highly polluted areas do not
have the opportunity of moving to a less polluted areas.
Therefore, it is possible that reproductive age women,
exposed to a high level of PM10-PAHs, or smoking
(passively or actively), have a higher risk of hormonerelated cancers and reproductive health problems due to
enhanced E2 levels and imbalance in sex-hormone. The
results also underline the importance of pre-conception
counseling couples planning pregnancy making them
aware that this period of human reproduction is particularly sensitive to the quality of the environment.
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