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Abstract

:

Pregnancy is characterized by changes in various organs, triggering changes in the use of energy substrates and increased oxygen consumption. In addition, gestation is an oxidative event that can be assessed by the relationship between free radicals and antioxidants produced by the body. Excessive production of free radicals has detrimental effects such as damage to enzymes, carbohydrates, and DNA. Thus, the objective of this study was to evaluate the oxidative status and antioxidant responses throughout pregnancy through a longitudinal study. Reactive oxygen species were analyzed by means of thiobarbituric acid reactive substances and nitric oxide, the antioxidant system through vitamin C, sulfhydryl groups, total antioxidant capacity, and ferric reducing ability of plasma as well as enzymes such as catalase and delta-aminolevulinate-dehydratase in pregnant women in the three gestational trimesters (n = 30). According to the results, the markers of oxidative damage showed significant differences in the different gestational trimesters where they were increased in the second trimester when compared to the first trimester. The antioxidant defenses responded differently in each gestational trimester, suggesting a response pattern to try to combat the damage caused by free radicals, in order to stabilize the increase of oxidative stress caused in the second gestational trimester.
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1. Introduction


Gestation is characterized by a series of transformations associated with anatomical, physiological, and metabolic adaptations. These changes are necessary since they favor the supply of metabolites and nutrients to the fetus [1]. These various changes lead to changes in the use of energetic substrates and a greater consumption of oxygen [2]. Due to this, a state of high degree oxidative stress occurs [3], and this state is regulated by several physiological mechanisms in order to maintain a continuous balance between the production of free radicals and the antioxidant capacity of the pregnant woman in order to allow the normal progression of gestation and fetal growth [4]. Due to this, it is very important to monitor these changes in all pregnant women to improve the quality of life of the mother and the newborn [1].



The placenta is the main source of pro-oxidants because it presents intense cellular activity as it is an environment rich in mitochondria, highly vascularized [5,6], and dependent on the availability of oxygen, favoring the development of oxidative stress [6,7]. In addition, oxidative stress can reach extreme levels during placental development and may be related to several pathologies in pregnancy [8], playing a role in restricting intrauterine growth [9], fetal death, spontaneous abortion and preeclampsia, among others [10,11].



Oxidative stress is characterized by a loss of balance between pro-oxidants and antioxidants. This imbalance can occur due to a number of factors such as the over-production of free radicals, overloading the amount of antioxidants available, or an insufficient amount of circulating antioxidants, leading to low body defense against the harmful effects of free radicals [11,12,13]. Due to its great ability to irreversibly oxidize some cellular components such as deoxyribonucleic acid (DNA), carbohydrates, lipids, and proteins, oxidative stress is considered to be one of the most frequent mechanisms associated with the pathophysiology of some diseases as well as some physiological conditions such as gestation [10,14,15,16,17].



Enzymes such as catalase and superoxide dismutase along with dietary antioxidants like vitamin C and α-tocopherol constitute the body’s primary antioxidant defense against oxidative damage [10]. In addition, thiol proteins actively participate in redox regulation, being achieved by a combination of cysteine oxidation by hydrogen peroxide or other reactive oxygen species, and the main reducing systems are represented by thioredoxins, glutaredoxins, and peroxiredoxins [18,19]. The sulfhydryl delta-aminolevulinate dehydratase (δ-ALA-D) enzyme that forms part of the heme biosynthetic route in pro-oxidant situations may be inhibited such as preeclampsia and gestational diabetes [10,17,20,21]. This is due to the fact that this enzyme is responsible for catalyzing the asymmetric condensation of two molecules of 5-aminolevulinic acid (ALA), resulting in the formation of the monopyrrole porphobilinogen (PBG). In the following steps, PBG is mounted on tetrapyrrole molecules, which integrate the prosthetic groups of some proteins like hemoglobin, cytochromes, and enzymes like catalase. In situations where there is an increase in oxidative stress, the activity of the enzyme δ-ALA-D may be reduced and this may lead to enzyme substrate accumulation (ALA), which, in turn, may exacerbate the production of reactive oxygen species (ROS), contributing to oxidative stress. Due to this, this enzyme may be suggested as an indirect marker of oxidative stress and impairment of metabolic processes because the modulation of the activity of this enzyme contributes significantly to the global level of oxidative stress [15,16,20].



There is evidence that shows changes in oxidative stress during healthy pregnancy and in pregnant women with obstetric complications. The interest in these studies has intensified in recent years due to the possible involvement of oxidative and antioxidant substances in the physiology of various processes and some pathologies. However, to date, there have been scarce indications in the literature about these changes in the three trimesters of gestation and previous studies have reported conflicting results. Therefore, the objective of this study was to evaluate the oxidative, biochemical, and hematological profile in pregnant women without obstetric complications through a longitudinal study.




2. Materials and Methods


2.1. Study Population


Pregnant women attending the basic health units of the municipality of Santa Maria, Rio Grande do Sul, Brazil were recruited and invited to the study by doctors responsible for prenatal care from the authorization of the person in charge of the unit as well as the Nucleus of Permanent Education in Health (NEPeS), and the municipal health secretariat. A total of 57 pregnant women agreed to participate in the research. After acceptance, the free and informed consent form was read and signed by all participants. This longitudinal study was approved by the Department of Education, Research, and Extension (DEPE) of the University Hospital of Santa Maria, later by the Research Ethics Committee (CEP) of the Federal University of Santa Maria (UFSM), and received the Presentation Certificate for Assessment Ethics under number: 62643616.2.0000.5346.



The pregnant women were recruited in the first trimester and followed up until the end of gestation, between February 2017 and June 2018. The inclusion criteria were: (1) gestational age less than 14 weeks; (2) maternal age between 18 and 40 years; and (3) single gestation (Figure 1). Women with preexisting chronic diseases, smokers, alcoholics, and participants that developed some gestational complications such as abortion, gestational diabetes, gestational hypertension, and/or preeclampsia were excluded from the present study (Figure 1).




2.2. Sample Collection


Blood and urine were collected from the study participants on three separate occasions during pregnancy: in the first trimester (13 (12–14) weeks of gestation), second trimester (22 (21–23) weeks of gestation), and in the last gestational trimester (30 (30–31) weeks of gestation). Samples were collected after 8 h of fasting. Blood was collected in vacuum tubes containing EDTA, sodium fluoride, and heparin or without anticoagulant. The whole blood, plasma, and erythrocytes used in the determinations were obtained from tubes containing heparin, the plasma was separated by centrifugation at 3000 rpm, and the erythrocytes were washed with 0.9% sodium chloride. Plasma, serum, and urine aliquots were stored at −80 °C for subsequent evaluation of nitric oxide (NOx), total antioxidant capacity (TAC), ferric reducing ability of plasma (FRAP), urinary creatinine, urinary albumin, and urinary protein, and other tests were processed immediately after collection.




2.3. Clinical and Hematological Profile


Gestational age was determined according to the data obtained on the first ultrasound. Blood pressure was evaluated in an aneroid sphygmomanometer and body mass index (BMI) was calculated by dividing weight by squared height (kg/m2). Hematological parameters (erythrocytes, hemoglobin, hematocrit, leukocytes, and platelets) were evaluated in blood collected with EDTA and determined with an automatic cell counter Sysmex XE 5000®® (Sysmex Corporation, Kobe, Japan).




2.4. Biochemical Profile


Glucose was determined on a fasting blood sample, measured in plasma obtained from a sodium fluoride tube, and evaluated by the standard method with a commercial kit (Bioclin®®). Urinary creatinine, urinary albumin, and urinary protein levels were measured using the Bioclin®® kit. Urinary creatinine was measured through a kinetic method, urinary albumin levels were measured by an immunoturbidimetric method, and urinary protein levels using a colorimetric method.




2.5. Oxidative Profile


Lipid peroxidation was evaluated in the plasma and erythrocytes by quantification of thiobarbituric acid reactive substances (TBARS) according to the method of Lapenna et al. [22], and the results expressed in nmol MDA/mL plasma and nmol MDA/mL of erythrocytes. The dosage of nitric oxide (NOx), based on the accumulation of nitrite/nitrate in the serum, was measured according to the methodology of Tatsch et al. [23] and the results presented in μmol/L.



Protein thiol groups (P-SH in plasma) and non-protein thiol groups (NP-SH in erythrocytes) were evaluated according to Boyne and Ellman [24] as modified by Jacques-Silva et al. [25], and the results expressed as nmol P-SH/mL plasma and nmol NP-SH/mL erythrocytes. Vitamin C in plasma was determined as described by Galley et al. [26] with some modifications by Jacques-Silva et al. [25] and the results presented in μg vit C/mL plasma. The activity of the enzyme catalase was measured spectrophotometrically by the method of Aebi et al. [27] and the results expressed as K/mg Hb.



The evaluation of the ferric reducing ability of plasma (FRAP) was determined according to Benzie and Strain [28] and the results presented in μmol/L. The evaluation of the total antioxidant capacity (TAC) in the serum was performed according to the method of Erel [29] with modifications and results expressed in mmol Trolox Equivalent/L.



The δ-ALA-D activity was determined in whole blood by the method of Berlin and Schaller [30] and the results are expressed as U/L (nmol PBG/h/mg Hb). A similar set of tubes was incubated with the addition of 2 mM dithiothreitol (DTT), which is a reducing agent, to verify if the changes in the enzymatic activity were related to the oxidation of thiolic groups and to obtain the reactivation index using A-B/A × 100, where A = DTT absorbance assay and B = no DTT absorbance assay.




2.6. Statistical Analysis


The clinical, hematological, biochemical, and oxidative profiles of the participants were statistically analyzed using Graph Pad Prism v.6 software. The Shapiro-Wilk test was used to verify the distribution of the sample. When groups were distributed normally, we used one-way analysis of variance (ANOVA) followed by Tukey’s test for comparison between groups and the data were presented as mean ± standard deviation (SD). For analysis of non-parametric data, the Kruskal-Wallis test was used and the results expressed as median (interquartile range). Values of p < 0.05 were considered statistically significant for all analyses.





3. Results


A total of 30 pregnant women who did not present any gestational complications participated in all stages of the research. The clinical and demographic parameters evaluated in the participants are shown in Table 1. As already expected, the weights and BMIs of the pregnant women increased throughout the gestation. The other parameters evaluated in the present study did not show significant differences during the gestational trimesters.



The markers of oxidative damage assessed in pregnant women presented significant differences in the different gestational trimesters and are shown in Figure 2. The three markers were increased in the second trimester when compared to the first trimester. However, only erythrocyte TBARS (Figure 2B) decreased significantly in the third trimester when compared to the second gestational trimester.



Antioxidant defenses responded differently in each gestational trimester and are shown in Figure 3. Plasma thiolic groups were decreased in the second and third trimesters when compared to the first trimester of gestation (Figure 3A). However, the clusters of thiols in the erythrocytes did not show significant differences during pregnancy (Figure 3B). Vitamin C decreased during the three gestational trimesters (Figure 3C), showing significant differences in the second and third trimesters when compared to the first trimester and, in addition, there was a significant difference between the third and second gestational trimesters. On the other hand, the activity of the enzyme catalase decreased significantly in the second trimester when compared to the first trimester; however, in the third trimester, there was an increase in enzyme activity, which was significantly higher when compared to the second trimester (Figure 3D). However, the total antioxidant capacity increased throughout the gestational trimesters, presenting a significant increase in the third trimester when compared to the first trimester of gestation (Figure 3E). However, the FRAP remained stable throughout the three gestational trimesters, with no significant differences between the quarters (Figure 3F).



With regard to the activity of the δ-ALA-D enzyme, there was a decrease in the second and third trimesters of gestation when compared to the first trimester, as can be observed in Figure 4A, which was also observed after the addition of DTT (Figure 4A). However, the rate of enzymatic reactivation was significantly higher in the third trimester when compared to the first gestational trimester (Figure 4B).




4. Discussion


One of the most frequent physiological alterations during gestation is an increase in oxidative stress when compared to not pregnant [8,10,31]. Bukhari et al. [31] reported significant differences in the parameters of oxidative stress since the first gestational trimester. In addition, several studies have attributed an important participation in gestational complications to the exaggerated oxidative damage such as repetitive abortion, prematurity, preeclampsia, and gestational diabetes, among others [8,10,13,32]. Few studies have evaluated the longitudinal change in oxidative stress and the antioxidant system during the three trimesters of gestation, however, the results found in these studies present discordant data. According to the results obtained in the present study where differences in the δ-ALA-D activity were demonstrated for the first time, it is assumed that there is a different oxidative response profile in each gestational trimester with alterations in oxidative and antioxidant markers.



The study of mechanisms for regulation and formation of free radicals in the body is very relevant to understand the cellular changes that are directly linked to the control of proliferation, survival, and cell death [10,12]. The production of these radicals can occur in situations of inflammation-infection, hypoxia-hyperoxia, and ischemia-reperfusion as well as physiologically, through the cellular metabolism of acids and prostaglandins [33]. The free radicals produced are highly reactive and unstable molecules, they have a great capacity to interact with biomolecules (lipids, proteins, carbohydrates, and nucleic acids) in order to acquire molecular stability. Thus, these biomolecules end up undergoing oxidation, generating cellular damages such as changes in membrane, DNA, endoplasmic reticulum, protein denaturation and lipid peroxidation, further favoring the production of reactive oxygen species [12,34,35].



The biochemical events caused by the action of ROS on the unsaturated lipids of cell membranes can be characterized by lipid peroxidation. One of the main markers of oxidative stress for assessing lipid damage is malondialdehyde (MDA), which is formed through the oxidation of polyunsaturated fatty acids, mainly arachidonic acid [13,17,36,37]. Previous studies have reported conflicting results pertaining to MDA levels in pregnancy, Yüksel et al. [38] verified a decrease in MDA levels in the third trimester, whereas in contrast, Bukhari et al. [31] demonstrated an increase through pregnancy. The produced MDA can be quantified through the TBARS technique as it reacts easily with thiobarbituric acid (TBA) [37,39]. In spite of that, in the present study, increased TBARS levels in plasma (Figure 2A) and erythrocytes (Figure 2B) were observed in the second trimester when compared to the other two gestational trimesters. MDA is a highly toxic product and easily interacts with biomolecules and can even cause cell death, so if it is not eliminated it can lead to pathological processes [39,40].



Nitric oxide (NO) is one of the most important mediators of the endothelial system due to its antiplatelet, vasodilator, anti-proliferative, anti-inflammatory, and permeability reduction abilities. It acts as a free radical and its synthesis is performed by enzymatic action through nitric oxide synthase (NOs) from l-arginine, which produces l-citrulline and nitric oxide, being dependent on two cofactors: oxygen and phosphate dinucleotide adenine nicotinamide (NADPH) [41,42]. In addition, NO can be produced via the reduction of nitrite under hypoxia conditions to regulate a spectrum of physiological responses in the blood and tissues [43]. Yüksel et al. [38] reported an increase in NO levels in the third trimester. However, the level of nitric oxide in the serum of pregnant women, indicated by the concentration of nitrite/nitrate, evaluated in this study, was increased in the second trimester of pregnancy when compared to the first trimester (Figure 2C). NO involved in the vasodilation and vascular system [41,42] may be a justification for the NO levels being elevated in the second trimester given the presence of a highly vascularized placenta. High nitric oxide concentrations can indirectly cause deleterious effects through interactions with the superoxide radical, thus generating a highly reactive and potent nitrogen species called peroxynitrite [44].



To reduce or reverse the damage caused by free radicals, the body has antioxidant systems that can act with various mechanisms of action to prevent the formation of these species, inhibit the action of radicals, or repair the damage caused by biomolecules. The antioxidant system can be classified as enzymatic or non-enzymatic, acting in several ways [3,45]. Examples of non-enzymatic antioxidants are the thiol compounds, which are antioxidant substances possessing the thiol group (-SH) within their structure such as cysteine, glutathione, and thiol proteins [46,47]. As observed in Figure 3A, thiol groups in plasma were decreased in the second and third trimesters when compared to the first gestational trimester. These compounds are involved in the various physiological functions and mechanisms of some pathologies due to their ability to chelate harmful metal ions and sequester free radicals, playing a crucial role in protecting against oxidative damage in plasma and erythrocytes [46,47]. However, according to the results obtained in the present study, vitamin C decreased during gestation, showing lower concentrations in the third gestational trimester (Figure 3C). This could be justified as the vitamin is a reducing agent, and is considered as a “preventative” or “primary” antioxidant because it acts as a first-line defense mechanism for the plasma and cytosol. It reacts with free radicals such as superoxide and hydrogen peroxide, by donating electrons to destroy them before they react with lipoproteins and membranes, avoiding lipid peroxidation and the beginning of the oxidative process [48,49].



Catalase is an enzyme that is present in most aerobic cells, expressed mainly in peroxisomes, and exerts its activity on erythrocytes, liver, kidneys, and adipose tissue by acting to decompose H2O2, in addition to preventing the accumulation of methemoglobin [35,50,51]. As observed in Figure 3D, catalase activity was significantly lower in the second trimester when compared to the first trimester, confirming the results obtained by Yüksel et al. [38]. However, enzyme activity increased significantly in the third trimester when compared to the second gestational trimester, which is relevant for gestation since the normal activity of this enzyme is of extreme importance due to the fact that excess H2O2 causes an increase in oxidative stress as well as the oxidation of hemoglobin, leading to a decrease in oxygen concentration which can lead to infections, the formation of ulcers, and even necrosis [52].



Determining the total antioxidant capacity has the main advantage of measuring the antioxidant activity of all of the biological components, whether endogenous or exogenous, and not only of an isolated compound. In addition, it can add information about species that are unknown or difficult to measure [29,53]. This can justify the difference in the behavior of TAC observed in the present study when compared to the other antioxidant parameters, because according to the results obtained here, the TAC is higher in the third trimester when compared to the first gestational trimester (Figure 3E), confirming the results obtained by Bukhari et al. [31]. In addition, this increase in TAC throughout pregnancy may be related to the decrease in TBARS and NOx levels in the third trimester, where the TAC may be acting to reverse the increase in oxidative stress observed in the second gestational trimester. However, the FRAP remained stable during gestation (Figure 3F), and this parameter evaluates the reduction capacity of ferric ions by the action of the sample with the potential for reducing activity [53].



The activity of δ-ALA-D is strongly related to oxidative stress, since it is very sensitive to pro-oxidant elements, which act on the thiol groups of the enzyme resulting in decreased activity and, consequently, affecting heme synthesis [20]. In our study, pregnant women presented lower δ-ALA-D activity in the second and third trimesters when compared to the first gestational trimester (Figure 4A), which may contribute to other alterations observed in the different parameters of oxidative stress evaluated in the study. One such instance is that the levels of ALA may be elevated and this acid undergoes auto-oxidation at physiological pH, favoring the formation of free radicals such as H2O2, O2, and ALA, which may cause oxidative damage to DNA, increase lipid peroxidation, and decrease the antioxidant system [16,20]. In addition, after incubation with DTT, which is a reducing agent, it was possible to observe changes in enzyme activity (Figure 4A), suggesting that DTT was able to prevent the oxidation of δ-ALA-D sulfhydryl groups [54] since this compound is commonly used to maintain the thiol groups of the enzyme in a reduced state, reversing the inhibition of the δ-ALA-D activity and, thus, is able to verify the rate of enzymatic reactivation [16,20]. As shown in Figure 4B, the reactivation rate was higher in the last gestational trimester when compared to the first trimester, suggesting a possible involvement of the thiol groups in the restructuring of the enzyme activity after the addition of DTT in vitro.



During pregnancy, there is a state of high oxidative stress [8], which is regulated by several physiological mechanisms in order to maintain a continuous balance between the production of free radicals and the antioxidant capacity of the pregnant woman to allow the normal progression of gestation and fetal growth [4]. This may justify the different response patterns observed in the antioxidants evaluated in the present study. The placenta is the main source of pro-oxidant agents due to intense cellular activity, has numerous mitochondria, is highly vascularized [5], and is dependent on the availability of oxygen, favoring the development of oxidative stress [7]. In addition, the placenta is primarily responsible for providing nutrients and oxygen to the fetus and placentation begins between the 8th and 18th week of gestation. In a normal pregnancy, it is at this stage that a layer of trophoblastic cells invades the uterine wall in order to modify the structure of the spiral arteries of the pregnant woman. The muscular layer of the spiral arteries is replaced by a fibroid layer through the trophoblastic cells, with a decrease in vascular resistance and an increase in vessel diameter, thus allowing adequate blood perfusion to the fetus [55]. Thus, the trophoblastic invasion changes the uterine hemodynamics from a low flow system with high resistance to a high flow and low resistance system, causing a physiological increase in oxidative stress [8,56], which may justify the increase in oxidative stress observed mainly in the second gestational trimester and then the reduction of oxidative stress in the third trimester through the decrease in erythrocyte TBARS and increase in the catalase activity. This suggests a possible recovery of the organism against oxidative damage in the third trimester, in search of oxidative balance until the end of gestation.




5. Conclusions


The present study suggests that oxidative stress levels respond differently in each gestational trimester, where markers of oxidative damage appear increased in the second gestational trimester. On the other hand, antioxidant defenses respond in different ways in the different trimesters of gestation, and these substances act together with the main objective to revert and/or prevent the possible damages caused by the increase of oxidative stress occurring in the second trimester. In addition, this study highlights the activity of δ-ALA-D and its possible relationship with changes observed in other markers of oxidative stress in pregnant women. As oxidative stress and changes in antioxidant capacity may be related to several gestational complications, these results are relevant for a better understanding of the physiology of gestation.







Author Contributions


Protocol/Project Development, L.d.L., F.M.P.G., R.N.M., and T.d.L.G.; Data Collection or Management, L.d.L., L.B.J., S.A.V., C.d.S.S., V.C.G.K., and K.B.S.; Data Analysis, L.d.L., F.M.P.G., R.N.M., and T.d.L.G.; Manuscript Writing/Editing, L.d.L., F.M.P.G., R.N.M., and T.d.L.G.




Funding


This research received no external funding.




Acknowledgments


The authors thank all of the volunteers who participated in this study. Additionally, we thank the Fundação Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES), Fundo de Incentivo à Pesquisa (FIPE), municipal health secretariat of Santa Maria, Federal University of Santa Maria (UFSM), and the Hospital Universitário de Santa Maria (HUSM), Rio Grande do Sul, Brazil, for support in this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ribas, J.T.; Belló, C.; Ito, C.A.S.; Mine, J.C.; Vellosa, J.C.R. Metabolic and inflammatory changes in pregnancy. J. Basic Appl. Pharm. Sci. 2015, 36, 181–188. Available online: http://seer.fcfar.unesp.br/rcfba/index.php/rcfba/article/view/230/134 (accessed on 23 October 2018). [Google Scholar]

	



Herrero-Mercado, M.; Waliszewski, S.M.; Caba, M.; Martínez-Valenzuela, C.; Gómez Arroyo, S.; Villalobos Pietrini, R.; Cantú Martínez, P.C.; Hernández-Chalate, F. Organochlorine pesticide gradient levels among maternal adiposetissue, maternal blood serum and umbilical blood serum. Bull. Environ. Contam. Toxicol. 2011, 86, 289–293. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, S.; Agarwal, A.; Sharma, R.K. The role of placental oxidative stress and lipid peroxidation in preeclampsia. Obstet. Gynecol. Surv. 2005, 60, 807–816. [Google Scholar] [CrossRef] [PubMed]

	



Stark, M.J.; Clifton, V.L.; Hodyl, N.A. Differential effects of docosahexaenoic acid on preterm and term placental pro-oxidant/antioxidant balance. Reproduction 2013, 146, 243–251. [Google Scholar] [CrossRef] [PubMed]

	



Myatt, L. Review: Reactive oxygen and nitrogen species and functional adaptation of the placenta. Placenta 2010, 31, 66–69. [Google Scholar] [CrossRef] [PubMed]

	



Stangenberg, S.; Nguyen, L.T.; Chen, H.; Al-Odat, I.; Killingsworth, M.C.; Gosnell, M.F.; Anwer, A.G.; Goldys, E.M.; Pollock, C.A.; Saad, S. Oxidative stress, mitochondrial perturbations and fetal programming of renal disease induced by maternal smoking. Int. J. Biochem. Cell Biol. 2015, 64, 81–90. [Google Scholar] [CrossRef]

	



Marseglia, A.; D’Angelo, G.; Manti, S.; Arrigo, T.; Barberi, I.; Reiter, R.J.; Gitto, E. Oxidative stress-mediated aging during the fetal and perinatal periods. Oxid. Med. Cell Longev. 2014, 2014, 358–375. [Google Scholar] [CrossRef]

	



Agarwal, A.; Gupta, S.; Sharma, R.K. Role of oxidative stress in female reproduction. Reprod. Biol. Endocrinol. 2005, 3, 28–48. [Google Scholar] [CrossRef]

	



Mert, I.; Oruc, A.S.; Yuksel, S.; Cakar, E.S.; Buyukkagnici, U.; Karaer, A.; Danisman, N. Role of oxidative stress in preeclampsia and intrauterine growth restriction. J. Obstet. Gynaecol. Res. 2012, 38, 658–664. [Google Scholar] [CrossRef]

	



Al-Gubory, K.H.; Fowler, P.A.; Garrel, C. The roles of cellular reactive oxygen species, oxidative stress and antioxidants in pregnancy outcomes. Int. J. Biochem. Cell Biol. 2010, 42, 1634–1650. [Google Scholar] [CrossRef]

	



Burton, G.J.; Jauniaux, E. Oxidative stress. Best Pract. Res. Clin. Obstet. Gynaecol. 2011, 25, 287–299. [Google Scholar] [CrossRef]

	



Piedrafita, G.; Keller, M.A.; Ralser, M. The Impact of Non-Enzymatic Reactions and Enzyme Promiscuity on Cellular Metabolism during (Oxidative) Stress Conditions. Biomolecules 2015, 5, 2101–2122. [Google Scholar] [CrossRef]

	



Abuja, P.M.; Albertini, R. Methods for monitoring oxidative stress, lipid peroxidation and oxidation resistance of lipoproteins. Clin. Chim. Acta 2001, 306, 1–17. [Google Scholar] [CrossRef]

	



Elliot, M.G. Oxidative stress and the evolutionary origins of preeclampsia. J. Reprod. Immunol. 2016, 114, 75–80. [Google Scholar] [CrossRef]

	



Zanini, D.; Pelinson, L.P.; Schmatz, R.; Pereira, L.B.; Martins, C.C.; Baldissareli, J.; Amaral, G.P.; Soares, F.A.; Reetz, L.G.B.; do Araújo, M.C.; et al. D-Aminolevulinate dehydratase activity in lung cancer patients and its relationship with oxidative stress. Biomed. Pharmacother. 2014, 68, 603–609. [Google Scholar] [CrossRef] [PubMed]

	



De Lucca, L.; Rodrigues, F.; Jantsch, L.B.; Kober, H.; Neme, W.S.; Gallarreta, F.M.P.; Gonçalves, T.L. Delta-aminolevulinate dehydratase activity and oxidative stress markers in preeclampsia. Biomed. Pharmacother. 2016, 19, 224–229. [Google Scholar] [CrossRef] [PubMed]

	



Alpoim, P.N.; Perucci, L.O.; Godoi, L.C.; Goulart, C.O.L.; Dusse, L.M.S. Oxidative stress markers and thrombomodulin plasma levels in women with early and late severe preeclampsia. Clin. Chim. Acta 2018, 483, 234–238. [Google Scholar] [CrossRef]

	



Peskin, A.V.; Pace, P.E.; Behring, J.B.; Paton, L.N.; Soethoudt, M.; Bachschmid, M.M.; Winterbourn, C.C. Glutathionylation of the Active Site Cysteines of Peroxiredoxin 2 and Recycling by Glutaredoxin. J. Biol. Chem. 2016, 291, 3053–3062. [Google Scholar] [CrossRef]

	



Winterbourn, C.C.; Hampton, M.B. Redox biology: Signaling via a peroxiredoxin sensor. Nat. Chem. Biol. 2015, 11, 5–6. [Google Scholar] [CrossRef]

	



Rocha, J.B.T.; Saraiva, R.A.; Garcia, S.C.; Gravina, F.S.; Nogueira, C.W. Aminolevulinate dehydratase (d-ALA-D) as marker protein of intoxication with metals and other pro-oxidant situations. Toxicol. Res. (Camb.) 2012, 1, 85–102. [Google Scholar] [CrossRef]

	



Rodrigues, F.; De Lucca, L.; Neme, W.S.; Gonçalves, T.L. Influence of gestational diabetes on the activity of δ-aminolevulinate dehydratase and oxidative stress biomarkers. Redox Rep. 2017, 17, 1–5. [Google Scholar] [CrossRef] [PubMed]

	



Lapenna, D.; Ciofani, G.; Pierdomenico, S.D.; Giamberardino, M.A.; Cuccurullo, F. Reaction conditions affecting the relationship between thiobarbituric acid reactivity and lipid peroxides in human plasma. Free Radic. Biol. Med. 2001, 31, 331–335. [Google Scholar] [CrossRef]

	



Tatsch, E.; Bochi, G.V.; Pereira Rda, S.; Kober, H.; Agertt, V.A.; de Campos, M.M.; Gomes, P.; Duarte, M.M.; Moresco, R.N. A simple and inexpensive automated technique for measurement of serum nitrite/nitrate. Clin. Biochem. 2011, 44, 348–350. [Google Scholar] [CrossRef]

	



Boyne, A.F.; Ellman, G.L. A methodology for analysis of tissue sulfhydryl components. Anal. Biochem. 1972, 46, 639–653. [Google Scholar] [CrossRef]

	



Jacques-Silva, M.C.; Nogueira, C.W.; Broch, L.C.; Flores, E.M.; Rocha, J.B. Dyphenyldiselenide and ascorbic acid changes deposition of selenium and brain of mice. Pharmacol. Toxicol. 2001, 88, 119–125. [Google Scholar] [CrossRef] [PubMed]

	



Galley, H.F.; Davies, M.J.; Webster, N.R. Ascorbyl radical formation in patients with sepsis: Effect of ascorbate loading. Free Radic. Biol. Med. 1996, 20, 139–143. [Google Scholar] [CrossRef]

	



Aebi, H. Catalase in vitro. Methods Enzymol. 1984, 105, 121–126. [Google Scholar] [CrossRef]

	



Benzie, I.F.F.; Strain, J.J. The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”: The FRAP Assay. Anal. Biochem. 1996, 239, 70–76. [Google Scholar] [CrossRef]

	



Erel, O. A novel automated direct measurement method for total antioxidant capacity using a new generation, more stable ABTS radical cation. Clin. Biochem. 2004, 37, 277–285. [Google Scholar] [CrossRef]

	



Berlin, A.; Schaller, K. European standardized method for the determination of δ–aminolevulinic dehydratase activity in blood. Z. Klin. Chem. Klin. Biochem. 1974, 12, 389–390. Available online: http://edoc.hu-berlin.de/oa/degruyter/cclm.1974.12.8.389.pdf (accessed on 30 August 2016). [Google Scholar]

	



Bukhari, S.A.; Rajoka, M.I.; Ibrahim, Z.; Jalal, F.; Rana, S.M.; Nagra, S.A. Oxidative stress elevated DNA damage and homocysteine level in normal pregnant women in a segment of Pakistani population. Mol. Biol. Rep. 2011, 38, 2703–2710. [Google Scholar] [CrossRef]

	



Ghneim, H.K.; Alshebly, M.M. Biochemical Markers of Oxidative Stress in Saudi Women with Recurrent Miscarriage. J. Korean Med. Sci. 2016, 31, 98–105. [Google Scholar] [CrossRef] [PubMed]

	



Ikonomidou, C.; Kaindl, A.M. Neuronal death and oxidative stress in the developing brain. Antioxid. Redox Signal. 2011, 14, 1535–1550. [Google Scholar] [CrossRef] [PubMed]

	



Amin, A.; Gad, A.; Salilew-Wondim, D.; Prastowo, S.; Held, E.; Hoelker, M.; Rings, F.; Tholen, E.; Neuhoff, C.; Looft, C.; et al. Bovine embryo survival under oxidative-stress conditions is associated with activity of the NRF2-mediated oxidative-stress-response pathway. Mol. Reprod. Dev. 2014, 81, 497–513. [Google Scholar] [CrossRef] [PubMed]

	



Halliwell, B.; Gutteridge, J.M.C. The chemistry of free radicals and related reactive species. In Free Radicals in Biology and Medicine; Oxford University Press: New York, NY, USA, 2007; pp. 30–78. [Google Scholar]

	



Halliwell, B.; Whiteman, M. Measuring reactive species and oxidative damage in vivo and in cell culture: How should you do it and what do the results mean? Br. J. Pharmacol. 2004, 142, 231–255. [Google Scholar] [CrossRef]

	



Grotto, D.; Valentini, J.; Boeira, S.; Paniz, C.; Maria, L.S.; Vicentini, J.; Moro, A.; Charão, M.; Garcia, S.C. Evaluation of the stability of the oxidative stress plasmatic biomarker—Malondialdehyde. Quim. Nova 2008, 2, 275–279. [Google Scholar] [CrossRef]

	



Yüksel, S.; Yiğit, A.A. Malondialdehyde and nitric oxide levels and catalase, superoxide dismutase, and glutathione peroxidase levels in maternal blood during different trimesters of pregnancy and in the cord blood of newborns. Turk. J. Med. Sci. 2015, 45, 454–945. [Google Scholar] [CrossRef]

	



Lappas, M.; Hiden, U.; Desoye, G.; Froehlich, J.; Hauguel-de Mouzon, S.; Jawerbaum, A. The role of oxidative stress in the pathophysiology of gestational diabetes mellitus. Antioxid. Redox Signal. 2011, 15, 3061–3100. [Google Scholar] [CrossRef]

	



Niki, E. Do antioxidants impair signaling by reactive oxygen species and lipid oxidation products. FEBS Lett. 2012, 586, 3767–3770. [Google Scholar] [CrossRef]

	



Huang, P.L.; Huang, Z.; Mashimo, H.; Bloch, K.D.; Moskowitz, M.A.; Bevan, J.A.; Fishman, M.C. Hypertension in mice lacking the gene for endothelial nitric oxide synthase. Nature 1995, 377, 239–242. [Google Scholar] [CrossRef]

	



Van Den Oever, I.A.; Raterman, H.G.; Nurmohamed, M.T.; Simsek, S. Endothelial dysfunction, inflammation, and apoptosis in diabetes mellitus. Mediators Inflamm. Oxf. 2010, 2010, 792393. [Google Scholar] [CrossRef] [PubMed]

	



Shiva, S. Nitrite: A Physiological Store of Nitric Oxide and Modulator of Mitochondrial Function. Redox Biol. 2013, 1, 40–44. [Google Scholar] [CrossRef]

	



Soccal, R.M.; de Carvalho, J.A.; Bochi, G.V.; Moresco, R.N.; da Silva, J.E. Nitric oxide levels in HIV-infected, untreated patients and HIV-infected patients receiving antiretroviral therapy. Biomed. Pharmacother. 2016, 79, 302–307. [Google Scholar] [CrossRef]

	



Dotan, Y.; Lichtenberg, D.; Pinchuk, I. Lipid peroxidation cannot be used as a universal criterion of oxidative stress. Prog. Lipid Res. 2004, 43, 200–227. [Google Scholar] [CrossRef] [PubMed]

	



Hu, M.L. Measurement of protein thiol groups and glutathione in plasma. Methods Enzymol. 1994, 233, 380–385. [Google Scholar] [CrossRef]

	



Yang, Y.; Guan, X. Rapid and thiol-specific high-throughput assay for simultaneous relative quantification of total thiols, protein thiols, and nonproteinthiols in cells. Anal. Chem. 2015, 87, 649–655. [Google Scholar] [CrossRef] [PubMed]

	



Atiba, A.S.; Abbiyesuku, F.M.; Niran-atiba, T.A.; Oparinde, D.P.; Ajose, O.A.; Akindele, R.A. Free radical attack on membrane lipid and antioxidant vitamins in the course of pre-eclamptic pregnancy. Ethiop. J. Health Sci. 2014, 24, 35–42. [Google Scholar] [CrossRef]

	



Boni, A.; Pugliese, C.; Cláudio, C.C.; Patin, R.V.; Oliveira, F.L.C. Antioxidant vitamins and prevention of atherosclerosis in childhood. Rev. Paul. Pediatr. 2010, 28, 373–380. [Google Scholar] [CrossRef]

	



Gaetani, G.F.; Galiano, S.; Canepa, L.; Ferraris, A.M.; Kirkman, H.N. Catalase and glutathione peroxidase are equally active in detoxification of hydrogen peroxide in human erythrocytes. Blood 1989, 73, 334–339. Available online: http://www.bloodjournal.org/content/bloodjournal/73/1/334.full.pdf (accessed on 5 November 2018). [Google Scholar]

	



Goyal, M.M.; Basak, A. Human catalase: Looking for complete identity. Protein Cell 2010, 1, 888–897. [Google Scholar] [CrossRef]

	



Glorieux, C.; Calderon, P.B. Catalase, a remarkable enzyme: Targeting the oldest antioxidant enzyme to find a new cancer treatment approach. Biol. Chem. 2017, 398, 1095–1108. [Google Scholar] [CrossRef] [PubMed]

	



Ferrari, C.K.B. Total antioxidant capacity: A biomarker in biomedical and nutritional studies. J. Cell Mol. Biol. 2008, 7, 1–15. Available online: https://pdfs.semanticscholar.org/3659/e3495ae01e32c4de95df380d8a3c8bd2f741.pdf (accessed on 5 November 2018). [Google Scholar]

	



Gabriel, D.; Pivetta, L.; Folmer, V.; Soares, J.C.M.; Augusti, G.R.; Nogueira, C.W.; Zeni, G.; Rocha, J.B.T. Human erythrocyte d-aminolevulinate dehydratase inhibition by monosaccharides is not mediated by oxidation of enzyme sulfhydryl groups. Cell Biol. Int. 2005, 29, 669–674. [Google Scholar] [CrossRef]

	



Pijnenborg, R.; Bland, J.M.; Robertson, W.B.; Brosens, I. Uteroplacental arterial changes related to interstitial trophoblast migration in early human pregnancy. Placenta 1983, 4, 397–413. [Google Scholar] [CrossRef]

	



Wilson, M.L.; Goodwin, T.M.; Pan, V.L.; Ingles, S.A. Molecular epidemiology of preeclampsia. Obstet. Gynecol. Surv. 2003, 58, 39–65. [Google Scholar] [CrossRef] [PubMed]








[image: Biomolecules 09 00018 g001 550]





Figure 1. Flowchart of patients included in the study. 
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Figure 2. Markers of oxidative damage in the three gestational trimesters. Data are presented as median with interquartile range. Statistically significant differences were determined by Kruskal-Wallis. (A) TBARS levels in plasma; (B) TBARS levels in erythrocytes; (C) dosage of nitric oxide; TBARS: thiobarbituric acid-reactive substances; NOx: nitric oxide. 
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Figure 3. Antioxidant defenses in the three gestational trimesters. P-SH, NP-SH, vitamin C, TAC, and FRAP were analyzed by Kruskal-Wallis and represented as median with interquartile range. Catalase was analyzed by ANOVA followed by Tukey’s test and represented as mean with standard deviation. (A) thiol groups in plasma; (B) non-protein thiol groups in erythrocytes; (C) vitamin C in plasma; (D) activity of the enzyme catalase; (E) evaluation of the total antioxidant capacity; (F) evaluation of ferric reducing ability of plasma; FRAP: ferric reducing ability of plasma; P-SH: protein thiol groups; NP-SH: non-protein thiol groups; TAC: total antioxidant capacity. 
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Figure 4. δ-ALA-D activity and reactivation index of the δ-ALA-D enzyme in the three gestational trimesters. The data were determined by ANOVA followed by Tukey’s test and represented as mean with standard deviation. (A) δ-ALA-D activity; (B) reactivation index of δ-ALA-D enzyme; δ-ALA-D: delta-aminolevulinate dehydratase enzyme; DTT: dithiothreitol. 
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Table 1. Clinical and demographic characteristics in pregnant women in the three gestational trimesters.
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	Parameter
	1st Trimester (n = 30)
	2nd Trimester (n = 30)
	3rd Trimester (n = 30)





	Age (years)
	26.72 ± 4.18
	-
	-



	Gestational age (weeks)
	13 (12–14)
	22 (21–23)
	30 (30–31)



	Weight (kg)
	63.77 ± 10.47
	67.49 ± 10.07
	71.54 ± 10.63 *



	BMI (kg/m2)
	23.94 ± 3.79
	25.36 ± 3.78
	26.89 ± 4.02 *



	Systolic pressure (mmHg)
	110 (100–120)
	110 (100–110)
	110 (100–110)



	Diastolic pressure (mmHg)
	60 (60–70)
	60 (60–70)
	60 (60–70)



	Erythrocytes (106/mm3)
	4.19 ± 0.32
	4.07 ± 0.33
	3.99 ± 0.39



	Hemoglobin (g/dL)
	12.39 ± 0.93
	12.12 ± 0.95
	11.94 ± 1.06



	Hematocrit (%)
	36.69 ± 2.94
	35.83 ± 2.93
	35.29 ± 3.14



	Platelets (103/mm3)
	235.9 ± 46.6
	225.9 ± 47.8
	219.7 ± 49.1



	Leukocytes (/mm3)
	8999 ± 1991
	9307 ± 1889
	9852 ± 2922



	Glucose (mg/dL)
	82.60 ± 7.70
	80.80 ± 6.46
	79.23 ± 7.26



	Urinary creatinine (mg/dL)
	92.75 (44.44–131.20)
	70.38 (41.63–99.13)
	70.50 (46.50–100.80)



	Urinary albumin (mg/L)
	4.55 (2.79–14.20)
	4.715 (1.99–7.68)
	7.72 (3.58–11.39)



	Urinary protein (mg/L)
	4.35 (1.17–5.65)
	3.40 (1.42–5.50)
	5.50 (2.57–6.53)







Parametric results were determined by ANOVA followed by Tukey’s test and represented as mean ± standard deviation and nonparametric results were determined by the Kruskal-Wallis test and represented as median (interquartile range). * p < 0.05 when compared to the 1st trimester. BMI: Body Mass Index.
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