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Abstract

Background

Tobacco smoking by pregnant women has a negative effect on fetal development and
increases pregnancy risk by changing the oxidative balance and microelements level.
Smoking affects the concentration, structure and function of proteins, potentially leading to
various negative effects on pregnancy outcomes.

Methodology/Principal Findings

The influence of tobacco smoke on key protein fractions in smoking and non-smoking healthy
pregnant women was determined by capillary electrophoresis (CE). Concentrations of the
proteins al-antitrypsin, a1-acid glycoprotein, a2-macroglobulin and transferrin were deter-
mined by ELISA tests. Total protein concentration was measured by the Biuret method.
Smoking status was established by cotinine levels. Cadmium (Cd) and Zinc (Zn) concentra-
tions were determined by flame atomic absorption spectrometry and the Zn/Cd ratio was cal-
culated based on these numbers. Smoking women had a 3.7 times higher level of Cd than
non-smoking women. Zn levels decreased during pregnancy for all women. The Zn/Cd ratio
was three times lower in smoking women. The differences between the changes in the protein
profile for smoking and non-smoking women were noted. Regarding proteins, a1-antitrypsin
and a2-macroglobulin levels were lower in the non-smoking group than in the smoking group
and correlated with Cd levels (r=-0.968, p = 0.032 for non-smokers; r = -0.835, p = 0.019 for
smokers). Zn/Cd ratios correlated negatively with a1-, a2- and B-globulins.

Conclusions/Significance

Exposure to tobacco smoke increases the concentration of Cd in the blood of pregnant
women and may lead to an elevated risk of pregnancy disorders. During pregnancy alter
concentrations of some proteins. The correlation of Cd with proteins suggests that it is one
of the causes of protein aberrations.
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1. Introduction

Tobacco smoke is one of the most commonly used stimulants around the world. Exposure to
tobacco smoke leads to a range of negative effects in the human body and is especially danger-
ous for pregnant women. Tobacco smoke increases the risk of spontaneous abortion, ectopic
pregnancy, intrauterine growth restriction (IUGR), fetal low birth weight (LBW) and preterm
birth. Fetal disorders induced by tobacco smoke may be caused by one or more of its various
components: carbon monoxide, nicotine, and heavy metals like cadmium (Cd), arsenic and
lead [1]. This stimulant may influence microelement levels [2], disrupt oxidative balance [3, 4]
and disturb protein concentration [5].

Tobacco smoke influences the protein profile of the serum in non-pregnant women; how-
ever, the additive effects of pregnancy and tobacco smoking on proteins have not been fully
examined [6]. Prior studies have shown that alterations observed in each protein fraction are a
useful indicator of the progress of diseases. In addition, changes in protein metabolism and dif-
ferences in the protein structure are connected with pregnancy disorders like preeclampsia,
TUGR and LBW [7].

During pregnancy, protein fraction distributions shift, with a1-, 0:2- and B-globulins ris-
ing and albumin and y-globulin declining [8]. These physiological alterations are reflections
of the female body’s preparation to support a proper pregnancy outcome. Any improper
change in protein production may be a signal of a potentially elevated risk for the fetus and
mother and could require increased monitoring of pregnant women’s health [9]. It is changes
in the concentration of one or several major proteins within a particular fraction that are usu-
ally responsible for the observed changes in the level of that fraction. For the albumin frac-
tion, the main protein is albumin; for the o1-globulin, it is mainly a1-antitrypsin and
ol-acid glycoprotein; for a2-globulin, changes are found in a:2-macroglobulin, haptoglobin
and ceruloplasmin. The B-globulin fraction consists primarily of transferrin, B-lipoprotein
and the complementary component 3, while in the y-globulin fraction, there are y-globulin
proteins.

Improper changes in albumin concentrations can influence the balance between prooxi-
dants and antioxidants and, as a consequence, lead to higher oxidative stress, which is associ-
ated with IUGR and other pregnancy disorders [10]. Decreased albumin levels are additionally
linked to a higher risk of stroke and coronary heart disease, and may be a marker of inflamma-
tion, which is very dangerous to the mother and her baby. Similar to albumin, a1-antitrypsin is
an acute-phase protein with protease inhibitor activity belonging to the o1-globulin fraction.
High levels of this protein are observed in the blood of pregnant women with hypertension;
however, attempts to link a1-antitrypsin with preeclampsia have proven inconclusive [11].
ol-acid glycoprotein is another protein belonging to the a.1-globulin fraction. This glycopro-
tein is an acute-phase protein and during inflammation, its level rises. Throughout pregnancy
its concentration does not change; however, changes in the glycosylation of the o:1-acid glyco-
protein have been observed in both disease and physiological states like pregnancy[12].
o2-macroglobulin, a glycoprotein present in the a:2-globulin fraction, is considered to be an
acute-phase protein [13]. It is a major endoprotease inhibitor that can stimulate diverse
immune functions, as well as transport zinc (Zn) and other metals. Elevated levels of this pro-
tein may be a reflection of higher demand for Zn or changes in coagulation properties. More-
over, the 02-macroglobulin concentration correlates with infant birth weight [14]. Finally,
transferrin is a protein responsible for iron transport. During pregnancy, its level rises in
response to an increased demand for iron. Correlations have been noted between infant birth
weight, serum transferrin concentration and its sialylation in some disorders (e.g. severe pre-
eclampsia), but not in healthy pregnancies [15, 16].
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Tobacco smoke may influence the protein concentration and metabolism through the
many xenobiotics contained therein. It also acts as a carrier of Cd and is the main non-occu-
pational source of this heavy metal. The Cd concentration in one cigarette ranges from 0.5 to
3.5 ug/g, and smoking 40 cigarettes per day provides an amount of this metal twice larger
than that contained in food [17]. Cd is nephrotoxic and carcinogenic. It accumulates in the
placenta and interferes with the transport of many micronutrients to the fetus. As the pla-
centa regulates maternal and fetal transport of nutrients, the elimination of waste products, as
well as the exchange of gases, any dysfunction in this organ may contribute to impaired fetal
growth [18, 19] and, consequently, lower fetal birth weight [20]. Cd concentration also corre-
lates negatively with Zn, a metal necessary for proper fetal growth. Levels of Zn are found to
be much lower in smoking than in non-smoking pregnant women [21], and not just in the
mother’s blood, but in the umbilical cord blood, as well. The Zn/Cd ratio is also correlated
with fetal birth weight [22, 23].

The aim of the present study was to examine the influence of tobacco smoke on selected
serum proteins found in the blood of pregnant women. In our study, we selected five proteins
(albumin, al-antitrypsin, al-acid glycoprotein, a2-macroglobulin and transferrin) for which
changes in concentration or structure are connected to abnormalities during pregnancy, and
correlated them with tobacco smoking as a factor that has a negative impact on fetal develop-
ment. We investigated if the Cd contained in tobacco smoke is associated with alterations in
the concentration of the previous five proteins and whether smoking influenced the protein
profile in the blood of pregnant women.

2. Material and Methods
2.1. Subjects

Healthy pregnant women (n = 55) with proper pregnancy outcomes were admitted to the
study in the years 2013 to 2015. Blood was collected from pregnant women in each trimester of
pregnancy. Some patients joined during a later term of pregnancy, and four left before delivery
(though information about the infant and delivery was still collected). The gestational age was
determined by the date of the last menstrual period and confirmed by ultrasound examination.
Samples were divided into two subgroups: S for smoking (24 samples) and NS for non-smoking
(78 samples) as a control group.

Blood samples were collected in the 1** trimester (up to 12 weeks in gestational age),
(from 13 to 26 weeks in gestational age) and 3™ (27 or more weeks in gestational age) during
regularly scheduled appointments with a physician at a gynecological clinic in Poland. Venous
blood samples were obtained following the standard procedure, using tubes with heparin for
plasma (S-Monovette, Sarstedt, No: 04.1907) and with a clotting activator (S-Monovette, Sar-
stedt, No: 04.1905) for serum preparation. Serum and plasma samples were centrifuged at
2500xg for 17 min to separate the serum from the plasma. Specimens were immediately frozen
(-70°C) until further use.

2nd

2.2. Exclusion criteria

Pregnant women with diagnosed IUGR, diabetes, insulin resistance, or thyroid disease and
those whose pregnancy ended in miscarriage were excluded. Fetuses with diagnosed infections,
malformations and genetic aberrations disqualified women from the study, as well. Data on the
number of selected pregnant women, rejections and exclusions are included in the supplemen-
tary material: S1 and S2 Tables.
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2.3. Ethical clearance

Pregnant women were approved for the study by the Local Bioethics Committee of Wroclaw
Medical University (KB- 845/2012). Participants provided written consent to participate in
this study. The Local Bioethics Committee of Wroclaw Medical University approved this con-
sent procedure.

2.4. Smoking status, Cd and Zn concentrations, and Zn/Cd ratio

Smoking status was established by measuring the concentrations of the nicotine metabolite
cotinine, using the commercial, indirect immunoenzymatic method (Cotinine, LUCIO-Direct
ELISA, No: 501.301). According to the manufacturer’s instructions, all samples with cotinine
levels above 25 ng/ml were admitted to the smoking group.

Cd concentration was determined in the blood samples by graphite furnace atomic absorp-
tion using SOLAAR M6, Thermo Elemental Co., at 228.8 nm wavelength with the Zeeman
background correction. The Zn concentration in plasma was determined by flame atomic
absorption spectrometry, with absorbance measurements taken at 213.9 nm wavelength in
acetylene and air flame, with a deuterium background correction. Reference materials (Recipe,
BCR) were used to determine the calibration curve and controls. The Zn/Cd ratio was calcu-
lated by dividing the Zn concentration [ug/l] by the Cd concentration [ug/1].

2.5. Determination of total protein concentration

Total protein concentration was determined by the Biuret method with copper (II) sulfate in
an alkaline solution. In brief, when in the presence of peptide bonds, the Biuret reagent
(sodium hydroxide / hydrated copper|[II] sulfate and potassium sodium tartrate) forms violet-
colored coordination complexes which are detected at 540 nm. The intensity of the color is
directly proportional to the protein concentration [24].

2.6. Serum protein separation

Separation of the serum proteins was performed on the Beckman Coulter PA800plus capillary
electrophoresis (CE) system, Pharmaceutical Analysis System. A fused-silica capillary of 25 um
internal diameter and 30 cm length from the Beckman Coulter and CEofix SPE kit (No:
P1310-004188) for Beckman Coulter from Analis (No: P10-004750) was used. The analysis
was carried out according to the manufacturer's instructions, with 10 cm to the separation win-
dow (as an effective length) used. After installation of the capillary, conditioning (with 0.2 M
NaOH) was performed.

Before each run, the capillary was coated by an initiator, a Tris buffer of pH 9.7, at 25 psi for
half a minute. Next, the capillary was rinsed by a separation buffer of Tris/taurine of pH 9.7 at
25 psi for 1.5 min. Serum samples were injected using 0.5 psi for 4 sec. Separation was carried
out by applying 15.0 kV for 5 min with the inlet as the cathode and the outlet as the anode.
Each run ended with rinsing the capillary with a conditioner.

Serum protein separation was conducted inside the capillary under an electrical field. Pro-
teins with a negative charge, which were electrically attracted to the anode, were progressively
retarded in accordance with their charge/mass ratio. Protein presence was detected at 214 nm.

Karat32 ver. 9.0 software (Beckman Coulter Inc., Brea, CA, USA) was the operating system
used to acquire and analyze data. To analyze the integration parameters, the instructions for
the ‘CEofix SPE kit for Beckman Coulter P/ACE MDQ series’ test, Ref No: 10-004750, were
applied. Five peaks between the time from 1 to 5 min of separation were expected. The area of
each peak, representing the different protein fractions (albumin, o.1-globulins, a:2-globulins, B-
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globulins, y-globulins), was calculated as a percentage area in relation to the total area of all
detected proteins. Serum proteins level were converted to g/l of total protein.

2.7. Determination of a1-antitrypsin, a1-acid glycoprotein,
a2-macroglobulin and transferrin

ELISA tests were used to determine o1-antitrypsin (o1-Antitrypsin Clearance ELISA, Immun-
diagnostik, No: K6752), o1-acid glycoprotein (Human alpha-1-Acid Glycoprotein ELISA kit,
AssayPro No: EG5001-1), ai2-macroglobulin (a2-macroglobulin ELISA Kit, Immundiagnostik,
No: K6610A) and transferrin (AssayMax Human Transferrin ELISA Kit, AssayPro, No:
ET2105-1) levels. Prior to use, each sample was diluted (1:40000 for o.1-antitrypsin, 1:1000 for
ol-acid glycoprotein, 1:50000 for o2-macroglobulin and 1:20000 for transferrin test) with a
proper diluent as per manufacturer suggestions. Absorbance measurement was performed on
Multiskan Go (Thermo Scientific) equipment. In order to monitor the analytical accuracy of
measurements, serum controls were used in each test.

2.8. Statistical methods

Normality of the distribution was tested by the Shapiro-Wilk test and the equality of variances
by Levene’s test. When distribution and variances were normal, ANOV A testing was used. In
the event of a lack of a normal distribution and variance uniformity, the differences between
groups were analyzed by the Kruskal-Wallis test. Correlations were described as Spearman's
rank correlation coefficient (r). In all analyses, p<0.05 was considered statistically significant.
Statistical analyses were conducted using Statistica Software Package, version 10 (Polish ver-
sion; StatSoft, Poland).

3. Results
3.1. Clinical characteristics

Clinical characteristic groups are shown in Table 1. Patient groups were statistically similar in
terms of maternal age, BMI before pregnancy and infant birth weight.

3.2. Cotinine, Cd, Zn concentration and Zn/Cd ratio

Cotinine levels in the blood of smoking women were nearly 24 times higher than in the blood
of non-smoking women in the each trimester of pregnancy (1°: 80.71 ng/ml vs 3.23 ng/ml; 2™:
72.36 ng/ml vs 3.26 ng/ml; 3" 77.28 ng/ml vs 2.90 ng/ml) (Table 1).

Table 1. Clinical characteristics of and blood metal concentrations in pregnant women.

Trimesters of pregnancy Groups

1st trimester Sn=6
NSn=18

2nd trimester Sn=7
NSn=35

3rd trimester Sn=10
NS n =31

Groups-S: smoking; NS: non-smoking.

Maternal age BMI before pregnancy Infant birth weight Cotinine
[year] [kg/m?] la] [ng/ml]
[X+SD] [X+SD] [X+SD] [X+SD]
28.86 £ 6.87 23.71+255 3258.3 + 255.8 80.71 + 18.53*
30.38 £4.07 22.85+ 3.56 3392.1+412.4 3.23 £ 1.20*
28.50£6.92 24.78 £3.70 3465.6 +213.4 72.36 £ 20.76**
28.95+4.32 23.46 +3.30 3446.6 + 452.7 3.26 £ 1.90**
28.58 £4.25 24.90 + 3.81 3385.5 + 428.8 77.28 £ 16.09***
29.62 +4.98 23.44+4.03 3430.0 + 459.4 2.90 £ 1.04%**

* % %% % % gignificant (p < 0.00) for the same parameter in the same trimester for different smoking groups (e.g. *NS group in the 1! trimester has lower
level of cotinine than S group in the same trimester)

doi:10.1371/journal.pone.0161342.t001
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Fig 1. Metals concentration (A—cadmium; B—zinc) and Zn/Cd ratio (C) in smoking and non-smoking
women during pregnancy. ' 22 significant (p < 0.04) for the Zn in the same group to the other trimester
(e.g. 'S group in the 1%t trimester has higher level of Zn than in the 3™ trimester). *~** * significant (p < 0.02)
for the same parameter in the same trimester for different smoking group (e.g. *S group in the 1% trimester
has higher level of Cd than NS group in the same trimester).

doi:10.1371/journal.pone.0161342.g001

Cd concentrations in the blood of smoking women were 3.7 times higher than in non-smok-
ing women in all trimesters: 1°* (1.47 pg/l vs 0.29 ug/1), 2™ (1.04 g/l vs 0.39 pg/l) and 3™
(1.09 ug/lvs 0.30 pg/l) (Fig 1A).

Zn concentration declined during pregnancy in both the smoking and non-smoking group.
In the blood of women in the 1** trimester, there was a statistically significant higher level of Zn
in both groups than in the 3™ trimester (75.64 pg/dl vs. 61.68 pg/dl for non-smokers; 71.48 pg/
dl vs. 60.64 pg/dl for smokers) (Fig 1B).

Zn/Cd ratios in the smoking group were significantly lower than in non-smoking group in
all trimesters; in the 1°* trimester, smoking women recorded a Zn/Cd ratio of 663.81, while
non-smoking women had 3052.43 (Fig 1C). A similar observation was made in the 2™ (854.71
vs. 2461) and 3" trimesters of pregnancy (1005.70 vs. 2553.92).

3.3. Total protein concentration

Total protein concentration declined during pregnancy both groups (Table 2). In the 1% tri-
mester, there was a statistically significantly higher concentration of total protein than in the
3™ one for both the smoking (80.16 ug/dl in the 1°' trimester vs 74.49 ug/dl in the 3" trimester)
and non-smoking group (1*: 79.66 pg/dl vs. 3"%: 76.05 pg/dl).

3.4. The level of serum protein fractions

The values obtained for each protein fraction are shown in Table 3. Of note, the albumin level
was statistically significantly higher in the 1" trimester than in the 3" one in both smoking
(50.24 g/l vs 39.53 g/1) and non-smoking women (46.55 g/l vs 42.57 g/1) (Fig 2A and 2B).

The al-globulin concentration was lower in the 1% trimester than in the 3" one in the
smoking and non-smoking groups (respectively: 3.31 g/l vs. 4.25 g/1; 3.47 g/1 vs. 4.94 g/1); how-
ever, only in the non-smoking group was this elevation statistically significant. The 0:2-globulin
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Table 2. Concentration of a1-antitrypsin, a2-macroglobulin, a1-acid glycoprotein and total protein concentration in the serum of women during
each trimester of pregnancy.

Total protein al-antitrypsin al-acid glycoprotein a2-macroglobulin Transferrin
[9N] [mg/dI] [pg/di] [9/1 [91]

1st trimester Sn=6 80.16 £ 3.70" 311.71 £ 40.45* 1143.02 £ 211.52 3.4410.44 3.34+0.51°
NSn=18 79.66 + 4,222 231.24 +97.17* 3 1078.69 + 240.27 3.20 +0.57* 3.67 £0.54°

2nd trimester Sn=7 78.62 + 4.54 289.56 + 72.23 1139.35 + 216.29 4.37 £1.14%* 4.02+0.24
NSn=35 78.13+5.83 290.38 + 98.39 1058.62 + 238.09 3.65+ 0.94*%* 4.10+0.597

3rd trimester Sn=10 74.49 +3.37" 319.57 +95.83 1117.24 + 212.69 3.56+1.25 4.46 +0.77°
NSn=31 76.05 + 4.172 314.13 £ 110.40° 1092.74 + 202.57 3.81+0.64* 4.49 +0.62%7

Groups-S: smoking; NS: non-smoking.

*** gignificant (p < 0.02) for the same parameter in the same trimester for different smoking groups (e.g. *S group in the 1% trimester has higher levels of
al-antitrypsin than NS group in the same trimester)

-7 significant (p < 0.05) for the same parameter in the same group to the other trimester (e.g. 'S group in the 1! trimester has higher levels of total protein
concentration than in the 3™ trimester)

doi:10.1371/journal.pone.0161342.t002

concentration was also statistically significantly lower in the 1°' trimester than in the 3" one in
the blood of smoking and non-smoking women (respectively: 10.88 g/l vs 15.54 g/1; 10.98 g/l vs
14.22 g/l).

The B-globulin concentration was lower in the 1*' pregnancy trimester than in the 3" one in
the smoking and non-smoking group (respectively: 7.44 g/l vs 8.06 g/1; 7.21 g/l vs 9.57 g/1), but
it was statistically significant only for the non-smoking group. In the 3™ trimester of preg-
nancy, smoking women had statistically significant lower levels of -globulins than non-smok-
ing women.

There was a higher concentration of y-globulins in the 1*' than in the 3¢ trimester of preg-
nancy in the non-smoking group (8.01 g/l vs 5.85 g/1). In the smoking group, however, y-globu-
lins in the 1°" and 3™ trimesters were at similar concentrations (5.94 g/l vs 5.61 g/1). There were
statistically significant differences between the smoking and non-smoking groups in the 1*' tri-
mester (5.94 g/l vs 8.01 g/l) and 2™ trimester (5.23 g/l vs 6.49 g/l) in the concentration of y-
globulins.

Table 3. Concentration of serum protein fractions in the blood of women during pregnancy.

Albumin al-globulins a2-globulins B-globulins y-globulins
[g] [gN] [gN] [gN] [gN]
1st trimester Sn=6 50.24+1.71" 3.31+0.75 10.88 + 1.29%° 7.44+1.74 5.94+1.22 **
NSn=18 46.55 + 4,502 3.47 +1.20%4 10.98 +2.2878 7.21+1.72%1° 8.01+1.70'"12 #x
2nd trimester Sn=7 45.89 +6.22 3.97+0.97 12.34 £ 2.48° 7.36+1.82 523+ 1.55%**
NSn=35 44,95 559 4.49 +1.38° 12.85 £2.257 8.70 + 1.36° 6.49 £1.13"" **x
3rd trimester Sn=10 39.53+4.31" 425+1.18 15.54 + 2.58° 8.06+1.01* 5.61+1.23
NS n =31 42,57 +5.482 4.94+1.23* 14.22+2518 9.57£1.77'% * 5.85+1.76'2

Groups-S: smoking; NS: non-smoking.

1-12 gignificant (p < 0.00) for the same parameter in the same group to the other trimester (e.g. 'S group in the 15! trimester has higher albumin
concentration than in the 2" trimester)

*#, *% *xx gignificant (p < 0.05) for the same parameter in the same trimester for different smoking groups (e.g. *S group in the 3™ trimester has lower
levels of B-globulins than NS group in the same trimester)

doi:10.1371/journal.pone.0161342.1003
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Fig 2. Exemplary profiles of the serum proteins of smoking (A) and non-smoking (B) women during
pregnancy.

doi:10.1371/journal.pone.0161342.g002

3.5. al-antitrypsin, a1-acid glycoprotein, a2-macroglobulin and
transferrin concentration

ol -antitrypsin concentrations were lower in the 1% trimester than in the 3™ one in the non-
smoking group (231.24 mg/dl vs. 314.13 mg/dl). In the smoking group, this change was not
observed. In the 1** trimester, a.1-antitrypsin levels were higher in the blood of smoking than
non-smoking women.

The concentration of o.1-acid glycoprotein did not change during pregnancy and was at a
similar level in the blood of both smoking and non-smoking women (Table 2).

The concentration of a2-macroglobulin was lower in the 1 trimester than in the 3™ one in
the non-smoking group (respectively: 3.20 g/l vs 3.81 g/l). In the 2™ trimester, a:2-macroglobu-
lin levels were higher in the blood of smoking than non-smoking women.

Transferrin concentration was lower in the 1*' trimester than in the 3" one in both groups
(3.34 g/l vs 4.46 g/l for smokers; 3.67 g/l vs 4.49 g/1, for non-smokers).
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Table 4. Correlations between the concentrations of total protein, serum proteins, a1-antitrypsin, a1-acid glycoprotein, a2-macroglobulin, trans-
ferrin, with the Zn/Cd ratio and cotinine, Cd, and Zn concentrations in pregnant smoking women [n = 10] in the 3rd trimester of pregnancy.

Cotinine Cadmium Zinc Zn/Cd ratio
[ng/mi] [po/l [ng/l]
Total protein n/s r=-0.903 n/s n/s
[91] p =0.002
Albumin r=-0.788 n/s n/s n/s
[gM p =0.020
al-globulins r=0.840 r=0.672 n/s r=-0.763
[a/1] p =0.002 p =0.035 p =0.046
a2-globulins r=0.741 r=0.787 n/s r=-0.764
[9/1] p =0.035 p =0.021 p =0.046
B-globulins n/s n/s r=-0.831 r=-0.958
[9/1] p =0.041 p =0.042
y-globulins n/s n/s n/s n/s
[9/M]
al-antitrypsin n/s r=-0.968 n/s n/s
[mg/di] p =0.032
al-acid glycoprotein n/s n/s n/s n/s
[ng/dl]
a2-macroglobulin r=0.768 r=0.835 n/s n/s
[g/1] p =0.044 p=0.019
Transferrin r=0.736 n/s r=-0.731 n/s
[a/1] p =0.024 p =0.039
Cadmium r=0.624 - r=-0.823 r=-0.968
[ug/] p =0.040 p =0.023 p = 0.000
Infant Birth Weight n/s r=-0.799 n/s n/s
[q] p=0.003

n/s: non-significant when p>0.05

doi:10.1371/journal.pone.0161342.1004

3.6. Correlations

Correlations between the cotinine, Cd and Zn levels as well as the Zn/Cd ratio, and the concen-
tration of proteins for the smoking group are shown in Table 4.

Correlations (p<0.05) with cotinine concentration were observed for albumin (r = —-0.788),
ol-globulins (r = 0.840), 0.2-globulins (r = 0.741) and a:2-macroglobulin (r = 0.768), transferrin
(r=0.736), and Cd (r = 0.624).

Correlations (p<0.05) with Cd concentration were obtained for total protein (r = —0.903),
ol-globulins (r = 0.672), a2-globulins (r = 0.787), al-antitrypsin (r = —0.968) and 02-macro-
globulin (r = 0.835). Infant birth weight correlated (p< 0.003) with Cd as well (r = -0.799).

Zn concentrations correlated (p<0.05) with B-globulins (r = —0.831) and transferrin (r =
—0.731). Zn/Cd ratios correlated (p<0.05) with a1-globulins (r = —0.763), a2-globulins (r =
-0.764), B-globulins (r = —0.958) and Cd (r = -0.968).

4. Discussion

Around 12% of women smoke during pregnancy [25]. Tobacco smoking by pregnant women
negatively influences fetal development and increases risks for pregnancy. Moreover, tobacco
smoke during pregnancy has a negative effect on infants and toddlers, leading to impaired
social behavior and a higher risk of childhood cancer. Tobacco smoking during pregnancy ele-
vates the risk of sudden infant death syndrome (SIDS) with a dose-response effect exhibited
between maternal smoking and risk of SIDS [1]. Tobacco smoke influences the level of protein
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production, degradation and modification (e.g. sialylation) [7, 26]. Exposure to tobacco smoke
additionally influences the inflammation what may be seen by raised levels of C-reactive pro-
tein and white blood cells [27]. Finally, changes in the oxidative balance stimulate the body to
produce proteins responsible for re-balancing [3, 28], and tobacco smoke consists of many
components which may be responsible for causing an imbalance—nicotine, carbon monoxide
and heavy metals. Each of them may influence protein metabolism and micronutrient levels
and, in consequence, may lead to negative pregnancy outcomes.

The impact of smoking on metal levels in the blood of pregnant women

In our study, smoking women had around 24-fold higher levels of cotinine than non-smoking
women, confirming the usefulness of cotinine as a marker of current tobacco smoking. To
determine long-term tobacco smoke exposure, Cd levels are a more suitable indicator [29]. Cd
concentration in the blood of smoking women was 3.7-times higher than in the blood of non-
smoking women, which is consistent with other research and points to tobacco smoke as a sig-
nificant source of this heavy metal [3, 7, 30]. Cd concentrations in the blood correlated nega-
tively with Zn levels (r = —0.823, p = 0.023) even if no differences between smoking and non-
smoking women in the concentration of Zn were observed. During pregnancy, Zn concentra-
tions in the women’s blood decrease; simultaneously, there is increasing demand for this ele-
ment by the fetus. The placenta collects Cd, which may induce synthesis of the
metallothionein, which in turn may lead to Zn being retained in the placenta instead of being
transferring in proper amounts to the fetus. Insufficient Zn transport to the fetus may lead to
fetal malformations [21]. In our study, the Zn/Cd ratio was between 2.5 and 3 times lower in
the smoking group than in the non-smoking one across all trimesters. This disproportion may
result in pregnancy disorders, as lower Zn/Cd ratios observed in the placenta have been corre-
lated with LBW [23]. However, low placental nutrient-pollutant ratios could be considered as
an additional harmful factor affecting fetal growth in mothers with a specific metallothionein
genotype, one that is not present in all women [31]. Moreover, decreasing concentrations of Zn
were observed with simultaneous rises in Cd levels, which may lead to impairment in the trans-
fer of Zn to the fetus and, consequently, result in IUGR. In some studies, it was observed that
mothers who delivered their baby pre-term had higher Cd concentrations in the placenta than
mothers who delivered at term. In addition, cadmium exposure may lead not only to disorders
during pregnancy also but to postnatal effects, such as aberrant immune function [18, 32].
Moreover, as cadmium may disturb vitamin D metabolism in the kidney, it is therefore capable
of interfering with other nutrients [19].

Tobacco smoking’s influence on protein metabolism

Changes in the protein profile were observed for both physiological and pathological processes.
During pregnancy, total protein concentration in the blood of both smoking and non-smoking
women decreased, with a higher average decrease for smoking women (7.07% for smokers vs.
4.53% for non-smokers). Exposure to tobacco smoke may disturb protein synthesis due to its
influence on liver function [26]. In addition, Cd present in tobacco smoke damages renal func-
tion and leads to higher proteinuria [33]. The difference in total protein loss between smoking
and non-smoking pregnant women may be a signal of inappropriate liver function or of accel-
erated protein degradation processes in smokers due to the higher Cd concentration from
tobacco smoke. As changes in total protein concentration are a reflection of abnormalities in
differential metabolism of different proteins, we wanted to examine a few proteins for which
improper levels may have an impact on pregnancy outcomes and fetal development. As
tobacco smoke and Cd have inflammatory properties, the proteins we selected characterize
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both inflammatory response and are important in pregnancy maintenance. Moreover, the pro-
teins were correlated not only with cotinine level but also with Cd level, which is a known toxic
component of tobacco smoke.

Tobacco smoking’s influence on albumin

Albumin concentrations decline during pregnancy. This change may be explained by physio-
logical increase in the level of plasma in relation to this protein [8]. In our study, this depen-
dence occurred in the blood of both smoking and non-smoking women. Despite the fact that
there was no statistically significant change between the concentration of albumin in smoking
and non-smoking women, the average decrease in albumin levels during pregnancy was higher
in the blood of smoking women than in the non-smoking women (21.32% vs 8.55%). In our
study, albumin levels correlated negatively with cotinine level, but not with Cd, which was
reflected in other research [34]. Cadmium in the blood binds to albumin as well as metallothio-
nein. Although Cd levels did not correlate with albumin concentration, the lower level of albu-
min appearing simultaneously with insufficient metallothionein concentration may still lead to
tubular damage, as not all Cd is captured by this protein [19].

A lowered albumin concentration, as observed in the blood of smokers, is connected with a
higher risk of stroke and coronary heart disease. Serum albumin may be a marker of suscepti-
bility to atherosclerosis. However, there have been no studies performed examining pregnant
women, smoking and albumin levels in connection with risk of stroke and coronary heart dis-
ease; therefore, we can only suspect that improper albumin concentrations may be a predictor
of negative pregnancy outcomes. However, it is known that atherosclerosis and impaired flows
in uteroplacental spiral arteries are observed in preeclampsia [35] and may lead to IUGR [20],
so it is possible that there is a connection. In addition, albumin is a negative acute-phase pro-
tein. In the case of an increased inflammatory state, albumin synthesis in the liver is switched
to other acute-phase proteins [36]. An elevated inflammatory state may lead to miscarriage,
preterm birth, LBW and poor pregnancy outcomes [37]. Moreover, albumin binds metal ions
(like Zn) and is recognized as an antioxidant [10]. Smoking women who have lower levels of
this protein in the blood may not be protected from the influence of Cu (II) and Fe (II) reac-
tions with hydrogen peroxide and the formation of hydroxyl radicals, which may cause ele-
vated oxidative stress and lead to fetal disorders. And imbalanced oxidative state may lead to
IUGR [3] or preeclampsia [38]. It has been shown that mothers with a pro/antioxidant imbal-
ance during pregnancy gave birth to infants with LBW more often [3]. This shows that
decreases in albumin concentration by tobacco smoke may influence fetal development in dif-
ferent ways.

Tobacco smoking’s influence on a1-antitrypsin

ol-antitrypsin is a protein displaying protease inhibitor activity. It is an acute phase protein
with an immunoregulatory function. Inflammation processes increase the concentration of
this protein [39, 40]. al-antitrypsin belongs to the o1-globulin fraction, whose levels rise dur-
ing pregnancy, but only in the non-smoking group. There are some studies showing no signifi-
cant differences in the concentration of al-antitrypsin between consecutive pregnancy
trimesters [40]; however, in our study, ol-antitrypsin concentration rose across trimesters in
the non-smoking group (231.24 mg/dl at the 1*' trimester and 314.13 mg/dl at the 3" one).
Furthermore, the concentration of a.l-antitrypsin was much higher in the smoking group than
in the non-smoking group in the 1* trimester (311.71 mg/dl vs 231.24 mg/dl), and remained at
a consistently high level throughout the pregnancy. There is no information about how tobacco
smoking influences o.1-antitrypsin concentration during consecutive trimesters of pregnancy,
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though high concentrations of this protein have been observed in pregnancies of women suffer-
ing from hypertension [41]. Similar observations were made by Catarino et al., where pre-
eclamptic women had higher values of o.1-antitrypsin than normotensive pregnant women
[42]. However, in the study performed by Twina et al, women with preeclampsia had lower lev-
els of al-antitrypsin [11]. These ambiguous results confirm that the influence of tobacco
smoke and the role of al-antitrypsin in preeclampsia development is complex [43].

In our study, al-antitrypsin correlated negatively with Cd. This correlation is surprising, as
Cd has a pro-inflammatory impact and ol -antitrypsin is a positive acute-phase protein [39];
however, these findings are not new [22]. There have been no studies on the correlations of Cd
and ol-antitrypsin in the blood of smoking pregnant women. Research performed on smelters’
blood showed a negative correlation between Cd concentration and ol-antitripsin leading to
emphysema [22]. It proves that pregnancy, connected with its gradual increase of o.1-antitrip-
sin, may have a protective effect on the pregnant woman’s body. Moreover, o.1-globulins corre-
lated positively with cotinine levels, but o1 -antitripsin does not share this correlation. It
suggests that elevated levels of a1-globulins are due to other proteins than al-antitripsin.

Tobacco smoking’s influence on a1-acid glycoprotein

ol-acid glycoprotein is another protein of the a1-globulin fraction which is responsible for
inflammatory response [12]. In our study, the concentration of al-acid glycoprotein did not
change during pregnancy, which is consistent with other research [44]. Smoking status did not
influence levels of this protein. oil-acid glycoprotein concentration was at a physiologically
appropriate level, suggesting a lack of acute-phase reaction due to inflammatory response.
Despite that, there were no changes in the concentration of this protein in the blood of smok-
ing or non-smoking pregnant women; changes were instead observed in the glycosylation of
ol-acid glycoprotein [12]. In a study done by Patel et al., a positive correlation between this
protein and Cd concentration was recorded in the blood of rats with a dose-related response
[45]. However, al-acid glycoprotein concentration in our study was not correlated with Cd. In
addition, as tobacco smoke changes the sialylation of other proteins (like transferrin) [7], it is
possible that the negative influence of smoking should be looked for in differences in glycosyla-
tion, not only in the concentration of proteins.

Tobacco smoking’s influence on a2-macroglobulin

o2-macroglobulin is a glycoprotein mainly synthesized in the liver although it can be expressed
in other tissues such as the heart or reproductive tracts. It belongs to the a2-globulin fraction.
In our study, the a2-globulin fraction rose during pregnancy in the blood of both smoking and
non-smoking women; in contrast, o2-macroglobulin increased during pregnancy only in the
non-smoking group. What is more, in the 2™ trimester of pregnancy, smoking women exhib-
ited higher concentrations of this protein in the blood than non-smoking women (4.37 g/l vs
3.65 g/1). Tobacco smoke influences a2-macroglobulin levels by increasing oxidative stress and
exerting an inflammatory stimulus which activates acute-phase proteins. The a2-macroglobu-
lin may be a predictor of LBW [14, 46]. Additionally, this protein is able to transport Cd in the
blood [47]. In our study, 02-macroglobulin was positively correlated both with cotinine and
Cd levels. Rising levels of a2-macroglobulin may be a reflection of the higher procoagulant
properties observed in smokers [48]. Thrombosis is dangerous to both mother and fetus, lead-
ing to fetal retardation. In addition, in many studies high levels of 0:2-macroglobulin and high
level of Cd are correlated with lower birth weights. This may be one of the ways in which expo-
sure to tobacco smoke disturbs pregnancy outcomes [46].
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Tobacco smoking’s influence on transferrin

Transferrin is a glycoprotein involved in iron transport. It is synthesized mainly by the liver
but can be expressed by Sertoli cells, as well. It is very heterogeneous with respect to a number
of sialic acids residues. During pregnancy, it is one of the most important proteins as it trans-
fers iron to the placenta [49]. Transferrin belongs to the B-globulin fraction, whose concentra-
tion rises in consecutive trimesters of pregnancy in the blood of non-smoking women. The B-
globulin fraction was higher in the 3™ trimester of pregnancy for the smoking group than non-
smoking groups; however, there were no differences between the groups in transferrin concen-
tration in any trimester. As this protein is an iron carrier, its concentration rises with the
increased demand for oxygen as the fetus grows. In our study, transferrin concentration corre-
lated positively with cotinine levels but not with Cd. Moreover, there was a negative correlation
between transferrin and Zn observed. Transferrin levels decline when iron stores are at high
levels. Elevated concentrations of iron may lead to oxidative stress. As a result, Zn levels
increase as an important element of antioxidant response [28]. Furthermore, as Cd negatively
correlates with Zn, smoking women with higher levels of free iron are more exposed to
increased oxidative stress.

Tobacco smoking’s influence on y-globulins

The y-globulin is a fraction composed mainly of immunoglobulin. During pregnancy, our
study showed the y-globulin fraction decline in the non-smoking group only. Concentrations
of y-globulins were much lower in the smoking group than in the non-smoking group in the
1° (respectively: 5.94 g/l vs 8.01 g/1), and 2™ trimester (respectively: 5.23 g/l vs 6.49 g/l), and
remained at a constantly low level. Decreased levels of y-globulins may contribute to elevated
susceptibility of the mother to infection. The increased frequency of infections, and the possi-
bility of their growing more severe, is dangerous for pregnancy outcomes and can lead not only
to fetal growth inhibition but also to severe fetal developmental disorders, preterm birth and
miscarriage. Lowered levels of y-globulins in the mother’s blood may limit transport of immu-
noglobulins to the fetus and, in consequence, damage newborns’ immune defense. Moreover,
infants whose mothers smoked during pregnancy and continued to do so after delivery had a
higher risk of lower respiratory tract infections in comparison to non-smoking women, even if
breastfed [50]. This demonstrates that tobacco smoke during pregnancy may contribute to
immunological dysfunction of the infant even after delivery.

Conclusions

Exposure to xenobiotics of tobacco smoke by pregnant women:

1. Leads to an elevation of Cd concentration in the blood of smoking women. Cd negatively
correlated with Zn and infant birth weight. The Zn/Cd ratio was lower in the blood of smok-
ing women and correlated negatively with o1-globulins, a2-globulins and B-globulins, sug-
gesting a potential influence of these metals on protein metabolism.

2. Leads to observable changes in the percentage of protein fractions, and declines in B-globu-
lin and y-globulin levels in the serum of smoking women in comparison with the control
group.

3. May lead to the differences in levels of o.1-anitrypsin and o2-macroglobulin among preg-
nant smoking and non-smoking women.

PLOS ONE | DOI:10.1371/journal.pone.0161342 August 22, 2016 13/16



@’PLOS ‘ ONE

Tobacco Smoke, Metals and Serum Protein during Pregnancy

Supporting Information

S1 Table. Number of selected pregnancies, denials and exclusions.
(DOCX)

S$2 Table. Number of selected pregnancies with diagnoses illnesses.
(DOCX)

Author Contributions

Conceptualization: MW HM.

Formal analysis: MW M. Kepinska.

Funding acquisition: MW.

Investigation: MW M. Kepinska M. Kroélik.

Methodology: MW M. Kepinska M. Krélik HM.

Project administration: MW HM.

Resources: MW M. Krolik.

Supervision: MW HM.

Validation: MW M. Kepinska HM.

Visualization: MW M. Kepinska HM.

Writing - original draft: MW HM.

Writing - review & editing: MW M. Kepinska HM.

References

1.

Rogers JM. Tobacco and pregnancy. Reprod Toxicol. 2009; 28:152—-60. PMID: 19450949. doi: 10.
1016/j.reprotox.2009.03.012

Milnerowicz H, Zalewski J, Geneja R, Milnerowicz-Nabzdyk E, Woyton J. The level of Cd, Pb in blood
and Zn, Cu, Cd, Pb in amniotic fluid of tobacco smoking women during pregnancy complicated oligohy-
dramnios or premature rupture of the membranes. Gin Pol. 2000; 71: 311-316. PMID: 10860265.

Bizon A, Milnerowicz-Nabzdyk E, Zalewska M, Zimmer M, Milnerowicz H. Changes in pro/antioxidant
balance in smoking and non-smoking pregnant women with intrauterine growth restriction. Reprod Tox-
icol. 2011; 32:360-7. doi: 10.1016/j.reprotox.2011.08.007 PMID: 21893188

Sciskalska M, Zalewska M, Grzelak A, Milnerowicz H. The influence of the occupational exposure to
heavy metals and tobacco smoke on the selected oxidative stress markers in smelters. Biol Trace Elem
Res. 2014; 159:59-68. doi: 10.1007/s12011-014-9984-9 PMID: 24789476

Shiels MS, Katki HA, Freedman ND, Purdue MP, Wentzensen N, Trabert B, et al. Cigarette smoking
and variations in systemic immune and inflammation markers. J Natl Cancer Inst. 2014; 106. doi: 10.
1093/jnci/dju294 PMID: 25274579

Wingerd J, Sponzilli E. Concentrations of serum protein fractions in white women: effects of age,
weight, smoking, tonsillectomy, and other factors. Clin Chem. 1977; 27: 1310—1317. PMID: 559554.

Wrzesniak M, Kepinska M, Bizon A, Milnerowicz-Nabzdyk E, Milnerowicz H. Transferrin Sialylation in
Smoking and Non-Smoking Pregnant Women with Intrauterine Growth Restriction. Fetal Pediatr
Pathol. 2015; 34:391-9. doi: 10.3109/15513815.2015.1095260 PMID: 26470653.

Ramcharan S, Sponzilli EE, Wingerd JC. Serum protein fractions. Effects of oral contraceptives and
pregnancy. Obstet Gynecol. 1976; 48:211-215. PMID: 59911.

Wen Q, LiuLY, Yang T, Alev C, Wu S, Stevenson DK, et al. Peptidomic identification of serum peptides
diagnosing preeclampsia. PLoS One. 2013; 8(6): €65571. doi: 10.1371/journal.pone.0065571
PMC3686758. PMID: 23840341

PLOS ONE | DOI:10.1371/journal.pone.0161342 August 22, 2016 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161342.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161342.s002
http://www.ncbi.nlm.nih.gov/pubmed/19450949
http://dx.doi.org/10.1016/j.reprotox.2009.03.012
http://dx.doi.org/10.1016/j.reprotox.2009.03.012
http://www.ncbi.nlm.nih.gov/pubmed/10860265
http://dx.doi.org/10.1016/j.reprotox.2011.08.007
http://www.ncbi.nlm.nih.gov/pubmed/21893188
http://dx.doi.org/10.1007/s12011-014-9984-9
http://www.ncbi.nlm.nih.gov/pubmed/24789476
http://dx.doi.org/10.1093/jnci/dju294
http://dx.doi.org/10.1093/jnci/dju294
http://www.ncbi.nlm.nih.gov/pubmed/25274579
http://www.ncbi.nlm.nih.gov/pubmed/559554
http://dx.doi.org/10.3109/15513815.2015.1095260
http://www.ncbi.nlm.nih.gov/pubmed/26470653
http://www.ncbi.nlm.nih.gov/pubmed/59911
http://dx.doi.org/10.1371/journal.pone.0065571
http://www.ncbi.nlm.nih.gov/pubmed/23840341

@’PLOS ‘ ONE

Tobacco Smoke, Metals and Serum Protein during Pregnancy

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

Colombo G, Clerici M, Giustarini D, Rossi R, Milzani A, Dalle-Donne . Redox albuminomics: oxidized
albumin in human diseases. Antioxid Redox Signal. 2012; 17(11):1515-27. PMID: 22587567.

Twina G, Sheiner E, Shahaf G, Yaniv SS, Madar T, Baron J, et al. Lower circulation levels and activity
of a-1 antitrypsin in pregnant women with severe preeclampsia. J Matern Fetal Neonatal Med. 2012;
25:2667—70. doi: 10.3109/14767058.2012.705397 PMID: 22746289.

Fournier T, Medjoubi NN, Porquet D. Alpha-1-acid glycoprotein. Biochim Biophys Acta. 2000;
1482:157-71. PMID: 11058758

Tayade C, Esadeg S, Fang Y, Croy BA. Functions of alpha 2 macroglobulins in pregnancy. Mol Cell
Endocrinol. 2005; 245:60-6. PMID: 16297527.

Suriyaprom K, Harnroongroj T, Namjuntra P, Chantaranipapong Y, Tungtrongchitr R. Effects of tobacco
smoking on alpha-2-macroglobulin and some biochemical parameters in Thai males. Southeast Asian
J Trop Med Public Health. 2007; 38: 918-926. PMID: 18041313.

Wu Y, Sakamoto H, Kanenishi K, Li J, Khatun R, Hata T. Transferrin microheterogeneity in pregnancies
with preeclampsia. Clin Chim Acta. 2003; 332:103-10. PMID: 12763287.

Wu 'Y, Sakamoto H, Kanenishi K, Tanaka S, Ueno M, Hata T. Transferrin microheterogeneity in fetal
blood. Biol Neonate. 2004; 86:98—103. PMID: 15118342.

Chiba M, Masironi R. Toxic and trace elements in tobacco and tobacco smoke. Bull World Health
Organ. 1992; 70: 269-275. PMID: 1600587.

Kippler M, Hoque AM, Raqib R, Ohrvik H, Ekstrém EC, Vahter M. Accumulation of cadmium in human
placenta interacts with the transport of micronutrients to the foetus. Toxicol Lett. 2010 192:162-8. doi:
10.1016/j.toxet.2009.10.018 PMID: 19854248.

Réllin HB, Kootbodien T, Channa K, Odland J&. Prenatal Exposure to cadmium, placental permability
and birth outcomes in coastal populations of South Africa. PLoS ONE 2015; 10(11):e0142455. doi: 10.
1371/journal.pone.0142455 PMID: 26544567

Milnerowicz-Nabzdyk E, Bizon A. Effect of cigarette smoking on vascular flows in pregnancies compli-
cated by intrauterine growth restriction. Reprod Toxicol. 2014; 50:27-35. doi: 10.1016/j.reprotox.2014.
10.002 PMID: 254619083.

Milnerowicz H, Zalewski J, Geneja R, Milnerowicz-Nabzdyk E, Zastawski R, Woyton J. Effects of expo-
sure to tobacco smoke in pregnancies complicated by oligohydramnios and premature rupture of the
membranes. |. Concentration of Cd and Pb in blood and Zn, Cu, Cd and Pb in amniotic fluid. Int J
Occup Med Environ Health. 2000; 13:185-93. PMID: 11109742.

Hendrick DJ. Smoking, cadmium, and emphysema. Thorax. 2004; 59:184-5. doi: 10.1136/thx.2003.
018432 PMID: 14985546.

Kuhnert BR, Kuhnert PM, Lazebnik N, Erhard P. The effect of maternal smoking on the relationship
between maternal and fetal zinc status and infant birth weight. J Am Coll Nutr. 1988; 7:309-16. PMID:
3209781

Parvin R, Pande SV, Venkitasubramanian TA. On the colorimetric biuret method of protein determina-
tion. Anal Biochem. 1965; 12:219-29. PMID: 14340012.

Tong VT, Dietz PM, Morrow B, D'Angelo DV, Farr SL, Rockhill KM, et al. Centers for Disease Control
and Prevention (CDC). Trends in smoking before, during, and after pregnancy—Pregnancy Risk
Assessment Monitoring System, United States, 40 sites, 2000—2010. MMWR Surveill Summ. 2013;
62:1-19. PMID: 24196750.

Jang ES, Jeong SH, Hwang SH, Kim HY, Ahn SY, Lee J, et al. Effects of coffee, smoking, and alcohol
on liver function tests: a comprehensive cross-sectional study. BMC Gastroenterol. 2012; 18:145. doi:
10.1186/1471-230X-12-145 PMID: 23075166.

Rom O, Avezov K, Aizenbud D, Reznick AZ. Cigarette smoking and inflammation revisited. Respir Phy-
siol Neurobiol. 2013; 187:5-10. doi: 10.1016/j.resp.2013.01.013 PMID: 23376061.

Kowalska K, Bizon A, Zalewska M, Milnerowicz H. The influence of biological and environmental factors
on metallothionein concentration in the blood. J Trace Elem Med Biol. 2015; 29:99-103. doi: 10.1016/j.
jtemb.2014.05.001 PMID: 24912972.

Milnerowicz-Nabzdyk E, Bizon A. How does tobacco smoke influence the morphometry of the fetus
and the umbilical cord?-Research on pregnant women with intrauterine growth restriction exposed to
tobacco smoke. Reprod Toxicol. 2015; 58:79-84. doi: 10.1016/j.reprotox.2015.08.003 PMID:
26315940.

Milnerowicz H, Jacyszyn K. Metallothionein, Zn, Cu, Pb and Cd in pregnant women. Influence of smok-
ing. Acta Poloniae Toxicoloogica. 1993; 1: 25-32.

Tekin D, Kayaalti Z, Aliyev V, Sdylemezoglu T. The effects of metallothionein 2A polymorphism on pla-
cental cadmium accumulation: Is metallothionein a modifiying factor in transfer of micronutrients to the
fetus? J Appl Toxicol. 2012 32:270-5. doi: 10.1002/jat.1661 PMID: 21328412.

PLOS ONE | DOI:10.1371/journal.pone.0161342 August 22, 2016 15/16


http://www.ncbi.nlm.nih.gov/pubmed/22587567
http://dx.doi.org/10.3109/14767058.2012.705397
http://www.ncbi.nlm.nih.gov/pubmed/22746289
http://www.ncbi.nlm.nih.gov/pubmed/11058758
http://www.ncbi.nlm.nih.gov/pubmed/16297527
http://www.ncbi.nlm.nih.gov/pubmed/18041313
http://www.ncbi.nlm.nih.gov/pubmed/12763287
http://www.ncbi.nlm.nih.gov/pubmed/15118342
http://www.ncbi.nlm.nih.gov/pubmed/1600587
http://dx.doi.org/10.1016/j.toxlet.2009.10.018
http://www.ncbi.nlm.nih.gov/pubmed/19854248
http://dx.doi.org/10.1371/journal.pone.0142455
http://dx.doi.org/10.1371/journal.pone.0142455
http://www.ncbi.nlm.nih.gov/pubmed/26544567
http://dx.doi.org/10.1016/j.reprotox.2014.10.002
http://dx.doi.org/10.1016/j.reprotox.2014.10.002
http://www.ncbi.nlm.nih.gov/pubmed/25461903
http://www.ncbi.nlm.nih.gov/pubmed/11109742
http://dx.doi.org/10.1136/thx.2003.018432
http://dx.doi.org/10.1136/thx.2003.018432
http://www.ncbi.nlm.nih.gov/pubmed/14985546
http://www.ncbi.nlm.nih.gov/pubmed/3209781
http://www.ncbi.nlm.nih.gov/pubmed/14340012
http://www.ncbi.nlm.nih.gov/pubmed/24196750
http://dx.doi.org/10.1186/1471-230X-12-145
http://www.ncbi.nlm.nih.gov/pubmed/23075166
http://dx.doi.org/10.1016/j.resp.2013.01.013
http://www.ncbi.nlm.nih.gov/pubmed/23376061
http://dx.doi.org/10.1016/j.jtemb.2014.05.001
http://dx.doi.org/10.1016/j.jtemb.2014.05.001
http://www.ncbi.nlm.nih.gov/pubmed/24912972
http://dx.doi.org/10.1016/j.reprotox.2015.08.003
http://www.ncbi.nlm.nih.gov/pubmed/26315940
http://dx.doi.org/10.1002/jat.1661
http://www.ncbi.nlm.nih.gov/pubmed/21328412

@’PLOS ‘ ONE

Tobacco Smoke, Metals and Serum Protein during Pregnancy

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Cogswell ME, Weisberg P, Spong C. Cigarette smoking, alcohol use and adverse pregnancy out-
comes: implications for micronutrient supplementation. J Nutr. 2003; 133:1722S-1731S. PMID:
12730490.

Wallin M, Sallsten G, Lundh T, Barregard L. Low-level cadmium exposure and effects on kidney func-
tion. Occup Environ Med. 2014; 71:848-54. doi: 10.1136/0emed-2014-102279 PMCID: PMC4251161.
PMID: 25286916

Zalewska M, Gawin A, Sciskalska M, Moczulski M, Milnerowicz H. Capillary electrophoretic separation
of serum proteins of workers occupationally exposed to heavy metals. Int J Environ Anal Chem. 2014;
94: 1422—-1434. doi: 10.1080/03067319.2014.962530

Staff AC, Johnsen GM, Dechend R, Redman CW. Preeclampsia and uteroplacental acute atherosis:
immune and inflammatory factors. J Reprod Immunol. 2014; 101-102:120-6. doi: 10.1016/}.jri.2013.
09.001 PMID: 24119981.

Shaper AG, Wannamethee SG, Whincup PH. Serum albumin and risk of stroke, coronary heart dis-
ease, and mortality: the role of cigarette smoking. J Clin Epidemiol. 2004; 57:195-202. PMID:
15125630.

Harmon AC, Cornelius DC, Amaral LM, Faulkner JL, Cunningham MW Jr, Wallace K, et al. The role of
inflammation in the pathology of preeclampsia. Clin Sci (Lond). 2016 Mar 1; 130:409—19. doi: 10.1042/
CS20150702 PMID: 26846579.

Fenzl V, Flegar-Mestri¢ Z, Perkov S, Andrisic L, Tatzber F, Zarkovié N, et al. Trace elements and oxida-
tive stress in hypertensive disorders of pregnancy. Arch Gynecol Obstet. 2013 Jan; 287:19-24. doi: 10.
1007/s00404-012-2502-4 PMID: 22878906.

Janciauskiene SM, Bals R, Koczulla R, Vogelmeier C, Kéhnlein T, Welte T. The discovery of a1-anti-
trypsin and its role in health and disease. Respir Med. 2011; 105, 1129-1139. doi: 10.1016/j.rmed.
2011.02.002 PMID: 21367592.

Lisowska-Myjak B, Pachecka J. Antigenic and functional levels of alpha-1-antitrypsin in serum during
normal and diabetic pregnancy. Eur J Obstet Gynecol Reprod Biol. 2003; 106: 31-35. PMID:
12475578.

Legge M, Duff GB, Potter HC, Hoetjes MM. Maternal serum alpha 1-antitrypsin concentrations in nor-
motensive and hypertensive pregnancies. J Clin Pathol. 1984; 37:867-9. PMID: 6332123.

Catarino C, Santos-Silva A, Belo L, Rocha-Pereira P, Rocha S, Patricio B, et al. Inflammatory distur-
bances in preeclampsia: relationship between maternal and umbilical cord blood. J Pregnancy. 2012;
2012:684384. doi: 10.1155/2012/684384 PMID: 22685662.

Mattsson K, Kallén K, Rignell-Hydbom A, Hansson SR, McElrath TF, Cantonwine DE, et al. Maternal
Smoking during Pregnancy and Daughters' Preeclampsia Risk. PLoS One. 2015; 10:e0144207. doi:
10.1371/journal.pone.0144207 PMID: 26630273.

Chu CY, Singla VP, Wang HP, Sweet B, Lai LT. Plasma alpha 1-acid glycoprotein levels in pregnancy.
Clin Chim Acta. 1981; 112:235-40. PMID: 7016376.

Patel AB, Venkatakrishna-Bhatt H. Dose response effects of cadmium on serum sialic acid alpha-1
acid glycoprotein and perchloric acid-soluble protein levels in rats. Ind Health. 1992; 30:97-101. PMID:
1337064.

Goldenberg RL, Tamura T, Cliver SP, Cutter GR, Hoffman HJ, Davis RO. Maternal serum alpha2-mac-
roglobulin and fetal growth retardation. Obstet Gynecol. 1991; 78: 594-599. PMID: 1717906.

Wang J, Wang J, Song W, Yang X, Zong W, Liu R. Molecular mechanism investigation of the neutrali-
zation of cadmium toxicity by transferrin. Phys Chem Chem Phys. 2016; 27; 18:3536—44. doi: 10.1039/
c5cp06100h PMID: 26750974.

Kwon Y, Norby FL, Jensen PN, Agarwal SK, Soliman EZ, Lip GY, et al. Association of Smoking, Alco-
hol, and Obesity with Cardiovascular Death and Ischemic Stroke in Atrial Fibrillation: The Atherosclero-
sis Risk in Communities (ARIC) Study and Cardiovascular Health Study (CHS). PLoS One. 2016; 11
(1):e0147065. doi: 10.1371/journal.pone.0147065 PMID: 26756465.

Cetin I, Berti C, Mando C, Parisi F. Placental iron transport and maternal absorption. Ann Nutr Metab.
2011; 59:55-8. doi: 10.1159/000332133 PMID: 22123640.

Nafstad P, Jaakkola JJ, Hagen JA, Botten G, Kongerud J. Breastfeeding, maternal smoking and lower
respiratory tract infections. Eur Respir J. 1996; 9:2623-9. PMID: 8980979.

PLOS ONE | DOI:10.1371/journal.pone.0161342 August 22, 2016 16/16


http://www.ncbi.nlm.nih.gov/pubmed/12730490
http://dx.doi.org/10.1136/oemed-2014-102279
http://www.ncbi.nlm.nih.gov/pubmed/25286916
http://dx.doi.org/10.1080/03067319.2014.962530
http://dx.doi.org/10.1016/j.jri.2013.09.001
http://dx.doi.org/10.1016/j.jri.2013.09.001
http://www.ncbi.nlm.nih.gov/pubmed/24119981
http://www.ncbi.nlm.nih.gov/pubmed/15125630
http://dx.doi.org/10.1042/CS20150702
http://dx.doi.org/10.1042/CS20150702
http://www.ncbi.nlm.nih.gov/pubmed/26846579
http://dx.doi.org/10.1007/s00404-012-2502-4
http://dx.doi.org/10.1007/s00404-012-2502-4
http://www.ncbi.nlm.nih.gov/pubmed/22878906
http://dx.doi.org/10.1016/j.rmed.2011.02.002
http://dx.doi.org/10.1016/j.rmed.2011.02.002
http://www.ncbi.nlm.nih.gov/pubmed/21367592
http://www.ncbi.nlm.nih.gov/pubmed/12475578
http://www.ncbi.nlm.nih.gov/pubmed/6332123
http://dx.doi.org/10.1155/2012/684384
http://www.ncbi.nlm.nih.gov/pubmed/22685662
http://dx.doi.org/10.1371/journal.pone.0144207
http://www.ncbi.nlm.nih.gov/pubmed/26630273
http://www.ncbi.nlm.nih.gov/pubmed/7016376
http://www.ncbi.nlm.nih.gov/pubmed/1337064
http://www.ncbi.nlm.nih.gov/pubmed/1717906
http://dx.doi.org/10.1039/c5cp06100h
http://dx.doi.org/10.1039/c5cp06100h
http://www.ncbi.nlm.nih.gov/pubmed/26750974
http://dx.doi.org/10.1371/journal.pone.0147065
http://www.ncbi.nlm.nih.gov/pubmed/26756465
http://dx.doi.org/10.1159/000332133
http://www.ncbi.nlm.nih.gov/pubmed/22123640
http://www.ncbi.nlm.nih.gov/pubmed/8980979

