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RESUMO

PERFIL OXIDATIVO E ATIVIDADE DA ENZIMA DELTA-AMINOLEVULINATO
DESIDRATASE EM GESTANTES SAUDAVEIS E EM GESTANTES COM PRE-
ECLAMPSIA

AUTORA: Leidiane de Lucca
ORIENTADORA: Thissiane de Lima Gongalves Bernasconi

Durante a gestagdo, mesmo sendo um processo fisioldgico, ha estresse oxidativo devido a
uma maior demanda metabdlica e ao aumento do consumo de oxigénio nos tecidos,
principalmente na placenta, em resposta ao crescimento fetal e as mudancas fisioldgicas
maternas. Além disso, devido ao aumento das demandas maternas para o desenvolvimento do
feto também pode ocorrer uma deficiéncia de ferro durante o periodo gestacional, sendo
entdo, indicada a suplementacdo com sulfato ferroso, pois a caréncia de ferro, além de causar
anemia, pode gerar um aumento no estresse oxidativo na gestante. Outra patologia gestacional
que também estd envolvida no aumento do estresse oxidativo é a pré-eclampsia, que €
caracterizada pelo aumento na pressdo arterial e na proteindria da gestante. Essa condi¢céo
apresenta etiologia desconhecida e é a maior causa de morbidade materna e fetal. O estresse
oxidativo esta envolvido na fisiopatologia dessa doenga, causando danos as macromoléculas
como DNA, lipideos e proteinas. A enzima sulfidrilica delta-aminolevulinato-desidratase (8-
ALA-D) pode estar inibida em situacdes pré-oxidantes e essa inibigdo resulta no acimulo do
acido 5-aminolevulinico, estando diretamente relacionado a um aumento na producdo de
radicais livres. Assim, a enzima 6-ALA-D pode ser um marcador indireto de estresse
oxidativo. Considerando que o estresse oxidativo esta diretamente envolvido em patologias
gestacionais, o objetivo desse trabalho foi avaliar o perfil oxidativo e a atividade da enzima d-
ALA-D em gestantes com e sem suplementacdo com ferro e em gestantes com pré-eclampsia.
Foram analisados parametros de estresse oxidativo através da quantificacdo das espécies
reativas ao acido tiobarbiturico (TBARS), dos grupos tidis protéicos (P-SH) e ndo protéicos
(NP-SH), os niveis de vitamina C, além da determinacdo da atividade das enzimas catalase e
d-ALA-D em gestantes saudaveis com e sem suplementacdo com ferro e em gestantes com
pré-eclampsia. Os niveis de TBARS foram significativamente maiores em gestantes sem
suplementacdo com ferro e em gestantes com pré-eclampsia, enquanto que o sistema
antioxidante das mesmas parece estar diminuido devido a reducdo nos niveis de P-SH, NP-SH
¢ vitamina C, além da diminui¢do na atividade das enzimas catalase ¢ 6-ALA-D. Com base
nesses resultados, podemos concluir que a suplementacdo com ferro pode causar um efeito
protetor ao dano oxidativo causado pela gestacdo quando comparado a gestantes sem
suplementacdo. Além disso, ha um aumento no estado de estresse oxidativo e diminui¢do na
atividade da enzima &-ALA-D em gestantes com pré-eclampsia quando comparado a
gestantes saudaveis, sendo que isso pode estar envolvido nas complicacBes dessa patologia e a
quantificacdo da atividade dessa enzima pode ser Gtil na avaliacdo dos danos provocados pela
pré-eclampsia.

Palavras-chave: 6-ALA-D. Estresse Oxidativo. Gravidas. Suplementacdo com Ferro. Pré-
eclampsia.



ABSTRACT

OXIDATIVE PROFILE AND DELTA-AMINOLEVULINATE DEHYDRATASE
ACTIVITY IN HEALTHY PREGNANCY AND PREGNANCY WITH
PREECLAMPSIA

AUTHOR: Leidiane de Lucca
ADVISOR: Thissiane de Lima Gongalves Bernasconi

During pregnancy, even being a physiological process, there is an increase in oxidative stress
due to increased metabolic demands and increased oxygen consumption in the tissues,
especially in the placenta, in response to fetal growth and maternal physiological changes.
Furthermore, due to the increased maternal demands for the development of the fetus, iron
deficiency can also occur during pregnancy, being then indicated supplementation with this
compound because its absence may cause anemia, and generate an increased oxidative stress
in pregnant women. Another gestational pathology that is also involved in increased oxidative
stress is preeclampsia, which is characterized by increased blood pressure and proteinuria in
pregnant women, it has unknown etiology and is the leading cause of maternal and fetal
morbidity. Oxidative stress is involved in the pathophysiology of this disease, damaging
macromolecules such as DNA, lipids and proteins. The sufhydryl delta-aminolevulinate
dehydratase enzyme (6-ALA-D) can be inhibited by pro-oxidants situations and such
inhibition results in the accumulation of 5-aminolevulinic acid, it is directly related to
increased production of free radicals, and therefore,the enzyme 6-ALA-D can be suggested as
an indirect marker of oxidative stress. Considering that oxidative stress is directly involved in
pregnancy pathologies, the aim of this study was to evaluate oxidative profile and 6-ALA-D
activity in pregnant women with and without iron supplementation and in pregnant women
with preeclampsia. Oxidative stress parameters were analyzed by quantification of reactive
species thiobarbituric acid (TBARS), the protein thiol groups (P-SH) and no protein (NP-SH),
levels of vitamin C, in addition to determining the activity of enzymes catalase and 6-ALA-D
in healthy women with and without supplementation with iron and in pregnant women with
preeclampsia. The TBARS levels were significantly higher in pregnant women without iron
supplementation, and pregnant women with preeclampsia, while the antioxidant system of the
same appears to be reduced due to a reduction in the levels of P-SH, NP-SH and vitamin C, as
well as decrease in the activity of catalase and 6-ALA-D enzymes. Based on these results, we
conclude that iron supplementation can cause a protective effect to the oxidative damage
caused by pregnancy when compared to pregnant women without supplementation.
Furthermore, there is an increased state of oxidative stress and decrease in the 6-ALA-D
activity in women with preeclampsia when compared to healthy pregnant women, and it may
be involved in the complications of this disease and quantification of the activity of this
enzyme may be useful in assessing the damage caused by preeclampsia.

Keywords: Delta-aminolevulinate dehydratase. Oxidative stress. Pregnant women.
Supplementation with iron. Preeclampsia.
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1 APRESENTACAO

A gestacdo é um evento oxidativo (AGARWAL, et al., 2012), sendo um desafio
fisioldégico a ser cumprido pela mée e pelo feto (AVERSA et al., 2012). Embora seja um
processo fisioldgico normal, é caracterizada por alteragdes dindmicas em varios Orgaos
desencadeando mudangas no uso de substratos energéticos e um aumento do consumo basal
de oxigénio que acompanham as mudangas fisiol6gicas maternas e o desenvolvimento fetal
(HERRERO-MERCADO et al., 2011).

O estresse oxidativo é caracterizado pela perda de equilibrio entre substancias pré-
oxidantes e antioxidantes. Esse desequilibrio pode ocorrer devido a uma série de fatores,
como 0 excesso da producéo de radicais livres, sobrecarregando a quantidade de antioxidante
disponivel ou a uma diminuigdo de antioxidantes circulantes, levando a baixa defesa do
organismo sobre os efeitos nocivos dos radicais livres (BURTON; JAUNIAUX, 2011). Tendo
em vista a sua grande capacidade em oxidar irreversivelmente alguns componentes celulares
como o acido desoxirribonucléico (DNA), carboidratos, lipidios e proteinas (TANIYAMA,;
GRIENDLING, 2003; ZANINI et al., 2014), o estresse oxidativo € considerado um dos mais
frequentes mecanismos associado a fisiopatologia de algumas doencas (ELLIOT, 2016;
TANIYAMA; GRIENDLING, 2003), além de alguns eventos fisioldégicos, como a gestacao
(ALONSO-ALVAREZ et al., 2004; SPEAKMAN, 2008).

A caréncia de ferro durante o periodo gestacional permanece prevalente em todo o
mundo, onde aproximadamente 19% das gestantes possuem anemia devido a deficiéncia de
ferro (ZHUANG; HAN; YANG, 2014). Em paises em desenvolvimento a suplementacdo com
ferro € uma pratica muito comum durante a gestacdo (LEAL et al., 2011), sendo que a
suplementacdo diaria de ferro pode aumentar o peso do recém nascido, além de aumentar os
niveis de hemoglobina materna (ZHUANG; HAN; YANG, 2014). A deficiéncia de ferro
durante o periodo gestacional pode comprometer o desenvolvimento do cérebro no recém
nascido (SILVA et al., 2007), além de agravar o estado de estresse oxidativo nas gestantes
(DEVRIM et al., 2006).

Outra patologia que pode agravar o estado de estresse oxidativo durante a gestacdo € a
pré-eclampsia (PHIPPS et al., 2016). Alguns estudos sugerem que o estresse oxidativo esta
envolvido na etiologia da doenca (AGARWAL; GUPTA; SHARMA, 2005; RAIIMAKERS
et al., 2005), por aumentar a peroxidacdo lipidica nas membranas celulares, favorecendo a
disfuncdo endotelial que faz parte da fisiopatologia da doenca (MEHENDALE et al., 2008;

SERDAR et al., 2003). A pré-eclampsia € diagnosticada somente apds a 20* semana de
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gestacdo quando ha o aparecimento de hipertensdo e proteindria (>300 mg/dia), sendo uma
patologia especifica do periodo gestacional (MOL et al., 2015). Na pré-eclampsia ocorre uma
falha na invasdo trofoblastica havendo uma perfusdo sanguinea inadequada, gerando areas de
isquemia e reperfusdo, aumentando assim a producdo de espécies reativas de oxigénio (EROSs)
(RODRIGO et al., 2005). Além disso, tem sido demonstrado que a enzima nicotinamida
adenina dinucleotido fosfato (NADPH) oxidase (produtora de superoxido) estd presente nos
trofoblastos oriundos da placenta de gestantes com pré-eclampsia. Assim, esses tecidos
placentarios apresentam um aumento na capacidade de gerar radicais superoxido (Oy)
(DECHEND et al., 2003; RAIJMAKERS et al., 2004).

A enzima delta-aminolevulinato-desidratase (6-ALA-D) contém grupamentos
sulfidrilicos e pode estar inibida em situacGes pré-oxidantes como durante a pré-eclampsia e a
caréncia de ferro durante a gestacdo (DEVRIM et al., 2006; FARINA et al., 2003; ROCHA et
al., 2012). Essa enzima participa da rota biossintética do heme e sua inibicdo pode gerar o
acumulo do &cido 5-aminolevulinico (ALA), favorecendo a producdo de EROs, contribuindo
para a carga global de estresse oxidativo (BAIERLE et al., 2010; ROCHA et al., 2012). Além
disso, em algumas doencas, nas quais ha um aumento no estresse oxidativo, a atividade dessa
enzima mostra-se diminuida, sendo sugerida como um marcador indireto de estresse oxidativo
(BONFANTI et al., 2011; GONCALVES et al., 2009).

Existem evidéncias que demonstram um aumento do estresse oxidativo durante a
gestacdo saudavel e em gestantes com complicacbes hipertensivas, no entanto, até o
momento, ndo ha na literatura relatos sobre a avaliacdo da atividade da enzima 6-ALA-D em
gestantes saudaveis que fazem a suplementacdo com ferro, bem como séo escassos 0S
resultados da atividade da mesma enzima em gestantes com pré-eclampsia. Desta forma, é
importante a avaliacdo do perfil oxidativo em gestantes que fazem suplementacdo com ferro e
em gestantes com pré-eclampsia, principalmente através da atividade da 6-ALA-D, a fim de
investigar o papel desta enzima sobre esses fatores gestacionais verificando a resposta
oxidativa e correlacionando a atividade da enzima com outros parametros de estresse

oxidativo.
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1.1 REFERENCIAL TEORICO

1.1.1 Alterac0es fisioldgicas durante a gestacao

Durante a gestagdo o organismo passa por uma série de transformagdes associadas as
adaptacGes anatdmicas, fisioldgicas e metabdlicas, com o objetivo de favorecer o suprimento
de metabdlitos e nutrientes ao feto. O acompanhamento dessas alteracdes deve ser realizado
em todas as gestantes para melhorar a qualidade de vida da mée e do recém nascido (GOMES,
2011; RIBAS et al., 2015).

Uma das alteracbes mais importantes que ocorre no organismo da gestante é a
expansao de cerca de 40 a 50% do volume sanguineo total (GOMES, 2011). Além disso, as
gravidas apresentam cerca de 3 a 5% menos hematocrito entre 20 e 30 semanas de gestacéao
(VON TEMPELHOFF et al., 2008) devido ao aumento de 30% do contetdo plasmatico e o
maior fornecimento de ferro ao feto (BOTHWELL, 2000). Isso tudo ocorre para compensar as
alteracbes oriundas da circulacdo intra uterina que esta aumentada durante o periodo
gestacional (RIBAS et al., 2015), havendo uma anemia fisioldgica devido a uma diluicdo
sanguinea, através da diminuicdo da hemoglobina que esta relacionada a um aumento no
volume plasmatico quando compara ao volume eritrocitario (HILL; PICKINPAUGH, 2008).
Outro parametro que esta alterado durante a gestacdo é o débito cardiaco que se eleva em
cerca de 30-50%, seguido pela resisténcia moderada a insulina, aumento na frequéncia
cardiaca e hipertrofia ventricular esquerda (GOMES, 2011; QUEIROZ; NOBREGA, 2007).

Na gravidez saudavel, mesmo com as varias alteracdes hemodindmicas que poderiam
gerar um aumento na pressdo arterial, ocorre uma diminuicdo da pressdo arterial sistélica e
diastolica até a 20* semana de gestacdo, sendo que isso ocorre devido a diminuicdo da
resisténcia vascular periférica oriunda da angiogénese e vasodilatacdo (GOMES, 2011;
MAYNARD; EPSTEIN; KARUMANCHI, 2008). No entanto, em algumas gestantes isso ndo
acontece e as alteracfes metabdlicas que ocorrem podem desenvolver algumas doencas, como
a pré-eclampsia, por exemplo, podendo comprometer o crescimento fetal (RIBAS et al.,
2015).

Além das alteracbes metabolicas que se desenvolvem normalmente durante o periodo
gestacional, a ma alimentacdo das gestantes favorece a baixa ingestdo de nutrientes essenciais
como ferro, zinco, selénio e vitaminas A, C e E, diminuindo as defesas antioxidantes no

organismo. Todas essas alteragdes favorecem a producdo de radicais livres, havendo um
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aumento no estresse oxidativo e consequentemente um aumento no risco de desenvolvimento
de outras patologias, como a hipertenséo (LIMA et al., 2010; RIBAS et al., 2015).

Além disso, durante a gestacdo ocorre um estado de elevado grau de estresse oxidativo
sendo evidenciado tanto nos seres humanos (GUPTA; AGARWAL; SHARMA, 2005) como
nos animais (MARTINS; COSTA, 2008). O estresse oxidativo durante a gestacdo €
estritamente regulado por varios mecanismos fisiologicos a fim de manter um equilibrio
continuo entre a producdo de EROs e a capacidade antioxidante materna e assim, permitir a
progressdo normal da gestacdo e o crescimento fetal (STARK et al., 2013). A placenta é a
principal fonte de agentes pro-oxidantes na gestacdo normal, por apresentar uma intensa
atividade celular, ser um ambiente rico em mitocondrias, altamente vascularizada (MYATT,
2010) e dependente da disponibilidade de oxigénio, propiciando o desenvolvimento de
estresse oxidativo (MARSEGLIA et al., 2014).

O estresse oxidativo pode desempenhar um papel significativo durante todo o periodo
reprodutivo da vida da mulher, podendo influenciar o periodo gestacional e também o
momento do parto (AGARWAL et al., 2012). Alem disso, 0 estresse oxidativo pode chegar a
niveis extremos durante o desenvolvimento placentario podendo estar relacionado a varias
patologias na gestacdo (AGARWAL; GUPTA; SHARMA, 2005), desempenhando um papel
no atraso do crescimento intra-uterino (MERT et al., 2012), morte fetal intra-urina
(HRACSKO et al., 2008), aborto espontaneo (WEBSTER; ROBERTS; MYATT, 2008), pré-
eclampsia, entre outras (BURTON; JAUNIAUX, 2011).

1.1.2 Estresse oxidativo

O estresse oxidativo é definido como um estado de desequilibrio entre a producédo de
oxidantes e a capacidade de defesa antioxidante do organismo (HALLIWELL,;
GUTTERIGDE, 1999). Ou seja, ha um aumento na producéo de espécies reativas de oxigénio
(EROs) ao ponto de superar as defesas antioxidantes presentes no organismo (GILBERT et
al., 2007; GUPTA et al., 2009). Além das EROs, 0s oxidantes também sdo representadas por
espécies reativas de nitrogénio (ERNSs), radicais sulfidrilicos centrais, entre outros. Esses
compostos podem ser gerados fisiologicamente a partir de processos como em reagoes
quimicas ou enzimaticas e radiacdo ionizante. Nem todas essas espécies reativas sao radicais,

isto €, moléculas com um (ou mais) elétrons desemparelhados, mas em muitos casos as



19

espécies reativas ndo-radicais vdo terminar como radicais, prejudicando biomoléculas através
da oxidacdo (ABUJA; ALBERTINI, 2001).

As EROs sdo produzidas pela cadeia transportadora de elétrons, como parte do
processo da fosforilagdo oxidativa, exercendo um papel importante na regulacdo da
sinalizacdo, proliferacdo e diferenciacdo celular. As moléculas de oxigénio, produzidas a
partir da fosforilagdo oxidativa, sdo convertidas em radical superoxido e posteriormente, em
peroxido de hidrogénio e radical hidroxila (DE MARCHI et al., 2013). Além da sinalizagdo
celular, as EROs e ERNs participam dos mecanismos de controle da pressdao sanguinea,
apoptose entre outros papéis fisiolégicos (VASCONCELOS et al.,, 2007). O grupo que
constitui as EROs é muito amplo, incluindo radicais livres de oxigénio e alguns ndo radicais,
como por exemplo, agentes oxidantes ou compostos que facilmente sdo convertidos em
radicais livres de oxigénio (HALLIWELL; GUTERRIDGE, 2007a), entre eles, o carbono, o
enxofre e o oxigénio (LAPPAS et al., 2011). Os derivados do oxigénio mais importantes para
0s seres vivos podem ser classificados em dois diferentes grupos: os radicalares e 0s ndo-

radicalares. Os radicalares, também denominados como radicais livres, sdo representados

principalmente pelo anion radical superdxido (O¢), radical hidroxil (OH®) e radicais peroxil
(ROe, alcoxil e ROO¢®), enquanto que os ndo-radicalares sdo representados pelo oxigénio
singlete (10), hidroperdxido orgéanico (ROOH) e pelo &cido hipocloroso (HCIO) (Figura 1)

(GILLHAM; PAPACHRISTODOULOU; THOMAS, 1997; LAPPAS et al., 2011; SIES,
1997).

Figura 1 - Formacao de radicais livres através do oxigénio molecular

1e e +2H° le o le +H*
¥ . H
Oxigénio Anion radical Perdxido de i Radical Agua
molecular (0;) superéxido (0,*) hidrogénio (H,0,) hidroxila (HO*) (H;0)

Fonte: Adaptado de AUGUSTO, 2006

O complexo enzimatico presente na membrana interna das mitocéndrias, conhecido
como citocromo-oxidase, é capaz de reter os &tomos de oxigénio para que eles recebam

elétrons do complexo citocromo C, formando agua. No entanto, a redugdo gradual do
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oxigénio a agua produz uma variedade de produtos intermediérios instaveis, muito reativos e
potencialmente téxicos, como por exemplo, o anion superdxido, peroxido de hidrogénio e
radical hidroxil. Estas espécies parcialmente reduzidas sdo geradas continuamente em todas as
células aerdbias como resultado de processos oxidativos. O oxigénio ¢ uma molécula
essencial para a manutencdo do organismo, no entanto, seu excesso pode ser toxico, porque o
O, também é considerado um radical livre. Os seres vivos sO toleram o oxigénio do ar
atmosférico, pois quando ele entra na célula se modifica rapidamente, sendo controlado
inicialmente por enzimas especificas (ALBERTS et al., 2011; LAPPAS et al., 2011).

Os radicais livres sdo atomos, ions ou moléculas que contém um ou mais elétrons
desemparelhados em sua Orbita mais externa do oxigénio da estrutura (HALLIWELL;
GUTTERIDGE, 1989). Definidos como qualquer espécie que consegue existir
independentemente, com tendéncia a buscar sua estabilidade, sendo alcangada apenas quando
todos os elétrons estiverem emparelhados (HALLIWELL; GUTTERIDGE, 2007a). S&o
caracterizados por grande instabilidade e elevada reatividade e tendem a ligar o elétron néo-
pareado com outros presentes em estruturas proximas de sua formagéo, comportando-se como
receptores (oxidantes) ou doadores (redutores) de elétrons (HALLIWELL; GUTTERIDGE,
1989). O perigo desse tipo de reacdo é que os produtos de oxidacdo formados sdo radicais
também, 0s quais em muitos casos sdo capazes de propagar a reacdo, levando a um dano
extensivo (ABUJA; ALBERTINI, 2001). A geracdo desses radicais pode ocorrer por diversos
mecanismos, sendo em condic@es fisiologicas como o metabolismo celular de prostaglandinas
e acidos graxos, como também em situacBes de inflamacao-infeccdo, hipdxia-hiperdxia e
isquemia-reperfusdo (TRINDADE; RUGOLO, 2007). Os radicais livres podem reagir com as
principais classes de biomoléculas, como acidos nucléicos, lipidios e proteinas, sendo 0s
lipideos os mais suscetiveis (Figura 2) (HALLIWELL; GUTTERIDGE, 1989; POLI et al.,
2004).
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Figura 2- Papel das espécies reativas de oxigénio na lesdo celular
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Fonte: Adaptado de ROBINS; COTRAN, 2005

Os danos causados pelas EROs podem ser caracterizados pelo inicio da peroxidacéo
lipidica, sendo representado através da quantificacdo das moléculas de malondialdeido
(MDA) (HALLIWELL; GUTTERIDGE, 2007b; LAPPAS et al., 2011). O MDA é um
produto toxico da peroxidacdo lipidica, sendo resultante da reacdo com o acido tiobarbitarico
(TBA), guantificado através da técnica de TBARS (thiobarbituric acid reactive substances)
(GROTTO et al., 2008). Assim, aléem do MDA ser uma molécula téxica, € muito reativa e
estavel, sendo frequentemente utilizado como marcador de estresse oxidativo (LAPPAS et al.,
2011).

Estudos tém demonstrado que as membranas celulares sdo muito suscetiveis a acao
das EROs, por serem compostas principalmente por fosfolipideos, que as predispde a
ocorréncia de peroxidacdo lipidica, contribuindo para a ocorréncia de danos celulares e de
alteracdes na organizacao estrutural, bem como nas propriedades fisicas dos componentes da
membrana (Figura 3) (HALLIWELL; GUTTERIDGE, 1999; JACOB; MASON, 2005). A
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interacdo dos &cidos graxos das membranas com os radicais livres acaba resultando em uma
perda da troca ibnica, ocasionada devido a perda da caracteristica das membranas bioldgicas,
tornando-as mais frageis. Ocasionando assim, a liberacdo do contetdo das organelas, como
enzimas hidroliticas, favorecendo o transito de detritos celulares e metabolitos, além da
formacdo de produtos citotoxicos como o MDA e da ruptura/lise da membrana celular
(LIMA; ABDALLA, 2001; TIMBRELL, 2000).

Figura 3 — Etapas do processo de peroxidacao lipidica
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Fonte: Adaptado de AUGUSTO, 2006

Frente a tais fenémenos, 0 organismo possui sistemas de defesas antioxidantes para
inativar ou limitar a producéo de radicais livres, para reparar o dano celular causado devido a
essas espécies e até mesmo um sistema capaz de adaptar o organismo ao estresse oxidativo.
Ou seja, os antioxidantes sdao moléculas que reagem com os radicais livres para bloguear as
reacdes, para recuperar danos ja ocorridos ou para evitar que moléculas vitais sofram algum
tipo de dano, sendo um sistema capaz de neutralizar os radicais livres (DOTAN;
LICHTENBERG; PINCHUK, 2004; GUPTA et al., 2005).

O corpo humano possui um importante sistema de defesa antioxidante, sendo
fundamental para o organismo combater as toxinas oriundas do ambiente. O sistema
antioxidante pode ser dividido em enzimatico e ndo enzimatico, podendo agir de diferentes
maneiras, como por exemplo, detoxificando agentes antes que causem lesdes, através de
enzimas como a catalase (CAT), superdxido dismutase (SOD) e glutationa peroxidase (GSH-
Px), além de compostos como a vitamina E e a glutationa reduzida (GSH). Outros como a
vitamina C, a glutationa redutase (GSH-Rd) e a GSH-Px sdo capazes de reparar a leséo

ocorrida. Esse sistema protege o organismo do dano oxidativo removendo as EROs, ligando-
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se a ions metélicos que formam EROs ou inibindo a formacdo de EROs (DOTAN;
LICHTENBERG; PINCHUK, 2004; GUPTA et al., 2005; SIES, 1997).

O sistema antioxidante enzimatico possui trés enzimas principais: a CAT, a SOD e a
GSH-Px (Figura 4), sendo a primeira linha de defesa enddgena contra as EROs. Essas
enzimas atuam em conjunto, onde a SOD converte as EROs em peroxido de hidrogénio
(H20,), a CAT e a GSH-Px convertem o H,0O, em &gua e oxigénio molecular (NORDBERG;
ARNER, 2001; SAWYER, 2011).

Figura 4— Reacdes catalisadas pela catalase, superdxido dismutase e glutationa peroxidase
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Fonte: Adaptado de MELO et al., 2011

A catalase é expressa principalmente nos peroxissomos, atuando predominantemente
no figado, rins, tecido adiposo e eritrécitos. Essa enzima atua catalisando a conversao do
H,0, em O, e 4agua (H,0). E uma enzima resistente a protedlise, desnaturacdo térmica e
modificacdes de pH devido a sua estrutura tetramérica (GOYAL; BASAK, 2010). O
mecanismo de acao dessa enzima pode ser dividido em duas fases:

1?) o fon Fe*" presente na enzima reage com o H,O, formando agua e um

composto intermediario I;
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2%) uma segunda molécula de H,0O, é utilizada como redutora, regenerando a
enzima, produzindo oxigénio e agua. Com essa oxidagdo, o composto intermedirio |
retorna para o estagio de repouso com Fe** (ANDERSSON; DAWSON, 1991).

Os antioxidantes ndo enzimaticos (Figura 5) representam outra linha de defesa muito
importante para o organismo, sendo representados pelas vitaminas C, E, além de compostos
como GSH, &cido Urico, entre outros (VASCONCELOS et al., 2007).

Figura 5 Sistema antioxidante e intera¢do entre vitamina E, vitamina C e tidis
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Fonte: Adaptado de VAN MEETEREN et al., 2005

A vitamina C (acido ascoOrbico) é um agente redutor e estd presente em fluidos
corporais como o plasma e citosol, capaz de reagir com radicais livres como o superoxido e
hidroperdxido, funcionando como um mecanismo de primeira linha de defesa nesses locais
(ATIBA et al., 2014; SIES; STAHL; SUNDQUIST, 1992). E considerado o antioxidante
nutricional hidrossolivel mais potente e mais importante, encontrado em frutas e vegetais
(NAZIROG'LU et al., 2010; TARIQ, 2007). A vitamina C atua diretamente através da doacéo
de elétrons para as EROs, neutralizando-as antes que reajam com as lipoproteinas e
membranas, evitando a peroxidacdo lipidica, diminuindo o estresse oxidativo (BONI et al.,
2010). Além disso, atua como antioxidante indireto por regenerar a forma ativa de alguns

compostos como a vitamina E, flavonodides, glutationa e p-caroteno (BONI et al., 2010;
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FANG; YANG; WU, 2002). Fredstrom (2002) sugere que a vitamina C pode favorecer a
vasodilatacdo sanguinea e prevenir a disfuncdo endotelial em algumas patologias como a
hipertenséo arterial, aterosclerose e hipercolesterolemia.

A glutationa reduzida (GSH) é uma das moléculas antioxidantes ndo enzimaticas mais
importantes. E um tripeptideo com um grupamento sulfidrila responsavel pela sua capacidade
antioxidante, porque se oxida facilmente sendo muito eficiente na desintoxicacdo de
per6xidos e EROs. Quando ocorre a reacdo com esses compostos a molécula de GSH se
transforma em glutationa oxidada (GSSG), onde posteriormente através da acdo da GSH-Rd é
reduzida novamente a GSH, formando um complexo antioxidante muito eficiente para o
organismo (AUGUSTO, 2006; POMPELLA et al., 2003). Esta biomolécula encontra-se
predominantemente dentro dos eritrdcitos, cerca de 99,5%, sendo a forma mais abundante
encontrada no sangue. No entanto, pode aparecer ligada as proteinas na forma de PSSG e
também na forma oxidada (GSSG) (MILLS; LANG, 1996; NOZAL et al., 1997).

O grupamento tiol (-SH ou sulfidrilico) exerce um importante papel em diversas
funcdes fisiologicas e em algumas patologias, devido ao seu potencial de quelacéo, reducdo e
protecdo contra danos causados devido ao estresse oxidativo (HU, 1994; YANG; GUAN,
2015). A quantificacdo dos grupamentos —SH ocorre através da reagdo com o 5°,5’-ditiobis-
(2-acido nitrobenzoico) (DTNB), podendo representar a quantidade de GSH presente no
sangue. Os tiois protéicos dosados no plasma refletem o nivel das proteinas que possuem 0s
grupamentos —SH e também o status sulfidrilico, no entanto, quando dosados nos eritrocitos,
que sdo os tidis ndo protéicos, pode representar cerca de 90% de GSH no sangue, sendo um
teste mais especifico (BOYNE; ELLMAN, 1972; JACQUES-SILVA et al., 2001).

O acido urico esta entre os compostos antioxidantes mais importantes presente no
plasma (MARION et al.,, 2011), é resultante da metabolizacdo das purinas, formado
principalmente no figado a partir da enzima xantina oxidase e 90% do acido Urico é
reabsorvido apos passar pela filtracdo renal (FRANZINI et al., 2012). Ele pode atuar como
protetor contra o estresse oxidativo, dano oxidativo, envelhecimento, além de melhorar o
sistema vascular, a funcdo cardiaca e as células neuronais (STOCKER; KEANEY, 2004). No
entanto, ha controvérsias, havendo estudos que sugerem que alguns compostos antioxidantes
podem tornar-se pré-oxidantes quando estiverem em niveis extremos no sangue. Assim, em
situacdo de hiperuricemia a atividade antioxidante é superada pela pr6-oxidante e pelos
efeitos pré-inflamatorios causados devido ao excesso de EROs (MARION et al., 2011).

A xantina oxidase promove um aumento na producdo de EROs e &cido drico em

situacOes de isquemia tecidual, sendo que essas EROs podem induzir a disfuncdo endotelial e
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0 acido Urico poderia exercer seu papel antioxidante, diminuindo a produgdo dessas EROs
(MARION et al., 2011). No entanto, Khosla e colaboradores (2005) sugerem que a
hiperuricemia pode prejudicar a vasodilatacdo endotelial. Assim, o acido Urico pode agir
como protetor ou como um fator de risco, dependendo da concentracdo na qual se encontra no
organismo, onde em altas concentracGes afeta o endotélio e a fungdo cardiovascular, ja em
concentragdes normais exerce o seu efeito antioxidante, agindo como protetor do sistema
cardiovascular (MARION et al., 2011).

1.1.3 Enzima Delta-Aminolevulinato desidratase

A enzima Delta-aminolevulinado desidratase (E.C. 4.2.1.24), também denominada
porfobilinogénio sintase ou 5-aminolevulinato hidrolase é uma enzima citosolica que atua
como uma metaloproteina catalisando a formacdo do composto monopirrélico
porfobilinogénio (PBG), através da condensacdo assimétrica de duas moléculas do acido
aminolevulinico, com a perda de duas moléculas de agua (Figura 6). Essa reacdo €
fundamental na rota de sintese de tetrapirrois como as bilinas, clorofilas, corrinas e hemes,
que sdo compostos muito importantes porque fazem parte dos grupos prostéticos de algumas
proteinas. O grupamento heme, também conhecido como ferroprotoporfirina, esta presente na
estrutura de proteinas responsaveis pelo transporte de oxigénio (hemoglobina e mioglobina),
biotransformacdo de xenobidticos (citocromo P450), transporte de elétrons (citocromos a, b e
C) e em enzimas responsaveis pela protecdo contra peroxidos (catalase e peroxidases) (JAFFE
et al., 1995).

Figura 6-Sintese do porfobilinogénio catalisado pela enzima 3-ALA-D
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A 3-ALA-D ¢é uma enzima fundamental para os seres vivos porque esta envolvida no
processo de fixacdo do CO, e participa do metabolismo aerdbico, além de ter ampla
distribuicdo na natureza, onde a via para a biossintese de porfirinas € semelhante nos animais,
bactérias e também nos vegetais (JAFFE, 2000; SHOOLINGIN-JORDAN, 1998; WARREN
et al., 1998). Devido a isso, metabdlitos ou agentes toxicos que interferem na sintese de
compostos tetrapirrolicos alteram profundamente o metabolismo celular (HEINEMANN;
JAHN; JAHN, 2008). Os tecidos que apresentam maior atividade da enzima 6-ALA-D séo 0s
hematopoiéticos, hepatico e renal (GIBSON; NEUBERGER; SCOTT,1955). Além disso, as
propriedades cataliticas da enzima sdo similares nos animais, bactérias e nas plantas, somente
algumas diferencas na estrutura primaria, na sensibilidade dos grupamentos tiélicos e na
necessidade de ion metalico tém sido observadas apds a purificacdo das diversas enzimas
purificadas (KONUK; CIGERCI; KORCAN, 2010).

Independente de sua fonte, a enzima 3-ALA-D é de origem sulfidrilica, sendo que nos
mamiferos é uma enzima dependente de zinco (Zn?*) (Figura 7) e possui um pH 6timo na
faixa de 6,3-7,1 (SHEMIN, 1976). Os grupos tidis da enzima estdo envolvidos na
coordenagdo dos fons Zn** e isso torna a enzima sensivel & oxidac&o. Além disso, o zinco
também esta envolvido na estabilizacdo dos grupos tidlicos e a sua remocao por agentes
quelantes favorecem a auto-oxidagdo enzimatica. Com isso, compostos que oxidam o0s
grupamentos tiolicos, com alta afinidade por grupos —SH ou 0s que competem com o sitio da
ligagdo do zinco podem interferir na atividade da 6-ALA-D, através da inibicdo da atividade
enzimatica (ROCHA et al., 2012).

Figura 7 — Mecanismo catalitico da enzima 6-ALA-D
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Quando ocorre a inibicdo da enzima J&-ALA-D podem ocorrer danos a rota
biossintética do heme, diminuindo a sua producdo e causar alteracbes patolégicas no
organismo (GOERING, 1993; ROCHA et al.,, 2012; SASSA; FUJITA; KAPPAS, 1989).
Além disso, com a inibi¢do da enzima, pode ocorrer o acimulo do substrato ALA no sangue
que, entre pH 7-8, sofre reacdo de enolizagdo promovendo a formagdo de radicais hidroxil e
superoxido (NEAL et al., 1997). Logo, o substrato ALA tem o potencial de favorecer a
peroxidacao lipidica e de aumentar a producdo de EROs no organismo, que podem provocar
consequéncias patoldgicas inespecificas, devido a producdo exagerada de EROs que podem
atuar nas organelas celulares e em diferentes 6rgdos (BECHARA et al., 1993; SASSA et al.,
1989). Tal enzima pode ser sugerida como um marcador indireto de estresse oxidativo, porque
a modulacdo da atividade desta enzima contribui significativamente para a carga global de
estresse oxidativo (BECHARA, 1996; COSTA et al., 1997).

Para reverter a inibigdo da atividade da enzima 3-ALA-D in vitro pode-se utilizar Zn
ou ativadores dos grupamentos tiélicos como o ditiotreitol (DTT), obtendo-se assim, o indice
de reativagdo enzimatico. Atraves da adicdo de Zn é possivel reverter o decréscimo da
atividade enzimatica que foi causada devido ao deslocamento, quelacdo ou interagcdo com o
jon metalico presente no centro ativo da enzima. Por outro lado, com a adicdo de DTT é
possivel manter os grupamentos tidlicos da enzima em seu estado reduzido, devido ao fato do
DTT ser um ditiol com habilidade de evitar a oxidacdo desses grupamentos (EMANUELLI et
al., 1996, ROCHA et al., 2012). Devido a isso, o indice de reativacdo tem sido usado
atualmente em alguns estudos para avaliar o envolvimento dos grupos tiois na inibicdo da
atividade dessa enzima, obtendo um resultado significativo com relacdo a avaliacdo do
estresse oxidativo (BONFANTI, 2011; GONCALVES et al., 2005; GROTO, 2010).

A atividade da enzima &-ALA-D € usada clinicamente como um importante
biomarcador para diagnostico de intoxica¢do por chumbo em animais ou em humanos, devido
a inibicdo da atividade da enzima quando hd exposi¢cdo ao metal (PAPPAS et al., 1995;
PIRES; MIEKELEY; DONANGELO, 2002), estando relacionada a anemia intensa e
acompanhada ao aumento na producao do substrato ALA (OSKARSSON, 1989). No entanto,
pode ser um indicador inespecifico em intoxica¢fes simultdneas com outros metais, devido ao
potencial de modulacdo da atividade da enzima que outros metais possuem, como por
exemplo, o mercdrio, cobre e a prata (THOMPSON; JONES; BEASLEY, 1977).

A diminui¢do da atividade da enzima 6-ALA-D tem sido utilizada como um marcador
em potencial para avaliar algumas patologias, principalmente patologias no qual o estresse

oxidativo estd envolvido. Por ser uma enzima sensivel, estando inibida em pacientes com
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diabetes tipo 1 e 2, céncer, em pacientes apos transplante de medula Ossea, em
hemodialisados, pacientes intoxicados por metais, entre outros (BONFANTI et al., 2011,
GONCALVES et al., 2005; GONCALVES et al., 2009; VALENTINI et al., 2008). Além
disso, esta diminuida em modelos animais com hipotireoidismo, intoxicacdo com
paracetamol, hiperglicémicos, entre outros (FOLMER; SOARES; ROCHA, 2002; GRAVINA
et al., 2007; OLALEYE; ROCHA, 2008). Nesse contexto, baseado em resultados de estudos
descritos na literatura, a avaliacdo da atividade da enzima &-ALA-D pode ser considerada um

bom marcador de estresse oxidativo.

1.1.4 Suplementacdo com ferro durante o periodo gestacional

A anemia ferropriva possui uma alta incidéncia mundial, principalmente em paises em
desenvolvimento, como o Brasil, sendo a deficiéncia nutricional mais frequente nas gestacoes.
Ocorre principalmente devido a uma dieta inadequada durante esse periodo onde ha uma
maior utilizacdo do ferro para exercer as fungdes fisioldgicas (BRANDAO; CABRAL;
CABRAL, 2011; SILVA et al.,, 2007). A deficiéncia desse nutriente esta diretamente
relacionada com o agravamento da morbidade e mortalidade materna, diminuicdo do peso ao
nascer, parto prematuro, entre outros (BRANDAO; CABRAL; CABRAL, 2011).

A anemia por deficiéncia de ferro durante a gestacdo é diagnosticada quando a
concentracdo de hemoglobina esta abaixo de 11 g/dL no primeiro e terceiro trimestres, ou
abaixo de 10,5 g/dL no segundo trimestre (CDC, 1988). Os limites de referéncias séo
inferiores do que em mulheres ndo gestantes (12 g/dL) devido a hemodilui¢cdo que ocorre
fisiologicamente durante o periodo gestacional (BRANDAO; CABRAL; CABRAL, 2011).
Devido a isso, a Organizacdo Mundial de Saude sugere uma dose diaria para todas as
gestantes de suplemento de ferro (ferro elementar 30-60 mg), sendo que as gestante anémicas
devem receber a suplementacdo diaria de 120 mg de ferro elementar até que a concentracao
de hemoglobina atinja o nivel normal. Apds a normalizacdo sugere-se a suplementacdo com a
dose pré-natal padréo, evitando assim a recorréncia da anemia (WHO, 2012).

Fisiologicamente, o ferro pode ser encontrado na forma ferrosa (Fe2*) ou férrica (Fe3"),
podendo funcionar como agente oxidante e/ou redutor. Pode ser encontrado no organismo
ligado as proteinas de transporte ou de armazenamento ou como componente funcional de
metaloenzimas e de compostos heme (CANCADO; CHIATTONE, 2010). Participa de varios
processos metabdlicos, incluindo sintese de DNA, transporte de elétrons e metabolismo de

catecolaminas (SILVA et al., 2007). Além disso, é um elemento fundamental da hemoglobina
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e mioglobina, responsavel por funces importantes como proliferacdo celular, transporte e
distribuicdo de oxigénio, hidroxilagdo, transferéncia de elétrons, entre outros. Assim, a
deficiéncia deste nutriente provoca fadiga, diminuicdo da capacidade cognitiva, fisica e
mental por afetar o metabolismo energético. Por ser constituinte de enzimas responsaveis por
uma série de reagdes metabdlicas no cérebro, no recém nascido é muito importante para o
desenvolvimento do sistema nervoso central (BRANDAO; CABRAL; CABRAL, 2011;
MEDOTTI et al., 2015; ZIMMERMANN; HURRELL, 2007).

O ferro quando ingerido em excesso por gestantes, principalmente associado a
suplementacdo com vitamina C, exerce um papel pro-oxidante. 1sso ocorre através do ciclo de
Haber-Weiss, que envolve a reacdo de Fenton (Figura 8), onde o ferro livre (metal de
transicdo) catalisa a producdo de hidroxila que decompdem os lipides hidroperoxidos nas
formas de radicais como alcoxil, peroxil e outros. Esses radicais livres interagem com 0s
fosfolipidios insaturados dos acidos graxos formando os peroxidolipidios levando a danos nas
membranas celulares, além de provocar outros danos no organismo (AL-GUBORY;
FOWLER; GARREL, 2010; BRANDAO; CABRAL; CABRAL, 2011; LACHILI at al,
2001). Devido a isso, ha um aumento no estresse oxidativo sendo danoso ao metabolismo da
gestante (CASANUEVA; VITERI, 2003), favorecendo o desenvolvimento de complicacdes
na gestacao, como a pré-eclampsia (YOUNG et al., 2010) e o Diabetes Mellitus Gestacional
(GARCIA et al., 2012).

Figura 8 — Reacdo de oxidacdo mediada pelo ferro na inducéo do estresse oxidativo

Fe** + O, - Fesy + 0O

Fe?* + H,0, — Fe** + «OH + OH  (Reagdo de Fenton)

Fonte: Adaptado de BRANDAO; CABRAL; CABRAL, 2011

Em contrapartida, alguns estudos sugerem que o ferro € um mineral muito importante
obtido através da dieta por agir no combate aos radicais livres (BARREIROS; DAVID, 2006;
KURTOGLU et al., 2003). No entanto, os niveis de ferro necessarios no segundo e terceiro
trimestre de gestacdo ndo sdo supridos somente pela ingestdo através da dieta, sendo
necessaria a suplementacdo com ferro logo no inicio do periodo gestacional (MILMAN,
2006). Além disso, a suplementacdo com ferro em doses corretas melhora o sistema

hematoldgico e o estresse oxidativo em gestantes anémicas, através da diminuicdo de alguns
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pardmetros de estresse oxidativo (HAN et al., 2011). O ferro é um mineral que pode agir
como um antioxidante ndo enzimatico indiretamente, além de ser essencial para a homeostase
celular e um importante co-fator de enzimas antioxidantes, devido & facilidade de receber e
doar elétrons (ABBASPOUR; HURRELL; KELISHADI, 2014; KURTOGLU et al., 2003).
Ademais, o ferro esta presente na composicdo de diversas proteinas e é fundamental para a
formacdo do grupamento heme (Figura 9), sendo que quando esta na forma de hemeproteina
promove a geracdo de energia, participa do transporte de oxigénio e desintoxicacao
(ABBASPOUR; HURRELL; KELISHADI, 2014).

Figura 9 — Localizagéo do ferro no grupamento heme da hemoglobina
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Fonte: Adaptado de MOZZARELLI; BETTATI, 2011

1.1.5 Pré-eclampsia

Entre todas as causas de complicacdes durante o periodo gestacional, as sindromes
hipertensivas sdo responsaveis por altas taxas de morbidade e mortalidade tanto maternas
quanto fetais (MINISTERIO DA SAUDE, 2012). No Brasil, representa aproximadamente
37% dos Obitos das gestantes (CAVALLI et al., 2009). Segundo o National High Blood
Pressure Education Program Working Group on High Blood Pressure in Pregnancy —
NHBPEPWG, essas sindromes sdo classificadas como hipertensdo arterial cronica,
hipertensdo arterial gestacional, pré-eclampsia/eclampsia e pré-eclampsia sobreposta a
hipertensédo arterial cronica (NHBPEPWG, 2000).

A pré-eclampsia ¢ uma complicacdo hipertensiva transitoria, especifica do periodo

gestacional e afeta cerca de 3-5% de todas as gestagdes e ocorre principalmente em gestantes
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que residem em paises de baixa renda (ALZATE; HERRERA-MEDINA; PINEDA, 2015;
MOL et al., 2015; SALEEM et al., 2014). E uma das mais intrigantes patologias para a
obstetricia devido a auséncia de um diagnéstico precoce, e também por ser uma doenca
multissistémica com etiologia pouco conhecida. Além disso, possui um carater heterogéneo e
um alto indice de mortalidade e morbidade fetal/materna, podendo causar prematuridade do
feto devido as complicagdes que ocorrem durante a patologia (ALZATE; HERRERA-
MEDINA; PINEDA, 2015; KHAN et al., 2006; MOL et al., 2015; SALEEM et al., 2014).
Clinicamente, a pré-eclampsia é definida por valores presséricos acima de 140/90
mmHg em dois momentos com intervalo de 6 horas, acompanhada por proteindria acima de
300 mg/24 h apds 20 semanas de gestacdo (MOL et al., 2015). A patologia é classificada
como grave quando a gestante apresenta um ou mais dos seguintes sintomas: pressao sistélica

>160 mmHg ou pressdo diastélica >110 mmHg; plaquetopenia (<100.000 plaquetas/pL);

funcdo renal prejudicada; edema pulmonar; fortes dores de cabecga; confusdo mental;
disturbios visuais e cerebrais; entre outros (ROBERTS et al., 2013).

As complicagfes maternas mais comuns dessa sindrome sdo hemolise, elevagdo de
enzimas hepaticas e plaquetopenia, conhecida como coagulopatia/sindrome de HELLP
(haemolysis, elevated liver enzymes and low platelets syndrome), afetando cerca de 10 a 20%
das gestantes (MACHADO et al., 2013). Ainda é desconhecida a exata causa da HELLP, mas
o principal problema causado por essa sindrome € a ativacdo geral da cascata de coagulacéo,
levando ao consumo de plaquetas e a uma anemia hemolitica microangiopatica
(HLADUNEWICH et al., 2007). Além dessas complicacGes, as gravidas com essa patologia
podem desenvolver edema pulmonar (2-5%), insuficiéncia renal (1-5%), descolamento
prematuro da placenta (1-4%), além de outras complicacdes (MACHADO et al., 2013).
Contudo, as complicaces mais frequentes no recém nascido de gestantes com pré-eclampsia
sdo reducdo do liquido amniotico, restricdo de crescimento intra-uterino, prematuridade,
sofrimento fetal agudo, além de possuirem um maior risco de desenvolver paralisia cerebral e
displasia broncopulmonar, sendo causadas devido a prematuridade e a restricdio do
crescimento (MACHADO et al., 2013; MOL et al., 2015).

Atualmente, mesmo com muitos estudos, ainda ndo foi identificado nenhum marcador
biolégico para a realizacdo de um diagnéstico precoce da pré-eclampsia e nenhuma causa
especifica foi identificada, apenas algumas relacdes com genes envolvidos na inflamacao,
sistema renina-angiotensina, trombofilia e estresse oxidativo (MOL et al., 2015). No entanto,

existem alguns fatores de risco para o desenvolvimento da patologia, como por exemplo,
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nuliparidade, primigestacéo, indice de massa corporea (IMC) elevado antes da gestagdo, idade
materna <20 ou > 40 anos, histéria familiar da doenga, pré-eclampsia em gestacdo prévia,
gestacdo gemelar, diabetes pré-existente, doenca renal, trombofilia, entre outros (NORIS et
al., 2005; HUTCHEON et al., 2011).

A principal responsével pelo fornecimeno de nutrientes e oxigénio para o feto é a
placenta e a placentacdo comeca entre a 8% e a 18 semana de gestacdo. Em uma gestagéo
normal, é nessa fase que uma camada de células trofoblasticas invade a parede uterina, para
ocorrer a modificacdo da estrutura das artérias espiraladas da gestante (Figura 10). A camada
muscular das artérias espiraladas é substituida por uma camada fibrdide através das células
trofoblasticas, ocorrendo um aumento no didmetro do vaso e uma diminui¢do na resisténcia
vascular, permitindo assim, uma adequada perfusdo sanguinea ao feto (PIINENBORG et al.,
1983). Assim, a invasdo trofoblastica, altera a hemodindmica uterina que era um sistema de
baixo fluxo com alta resisténcia para um sistema de alto fluxo e baixa resisténcia, sendo que
alteracdes nesse sistema podem ocasionar complicagcbes como o crescimento intra-uterino
restrito e pré-eclampsia (WILSON et al., 2003).

A pré-eclampsia pode ser dividida em duas fases, a assintomatica na primeira fase, que
¢ caracterizada pelo crescimento placentario anormal durante o primeiro trimestre da
gestacdo, produzindo uma grande quantidade de materiais placentarios na circulacdo materna
(REYNA et al., 2009). Sendo que a segunda fase da pré-eclampsia ocorre devido a circulacéo
desses fatores, a qual passa a ser sintomatica sendo caracterizada pelo aparecimento da
hipertensdo (CARTY et al., 2010; SIBAI et al., 2005). A hipertensdo acontece porque ha uma
falha na segunda onda de invasdo trofoblastica entre a 16° e 20° semana de gestacéo, levando
a preservacdo da camada muscular das arteriolas criando um fluxo sanguineo de alta
resisténcia (LYALL, 2003). Devido ao aporte de oxigénio estar comprometido ocorre a
hipoxia utero-placentaria, associada a isquemia, ndo havendo irrigacdo adequada no espaco
interviloso. Assim, a oxigenacdo e a perfusdo sanguinea dos vilos estdo em quantidades
diminuidas, podendo comprometer o endotélio vascular e o trofoblasto (MAYHEW;
CHARNOCK-JONES; KAUFMANN, 2004). Essa isquemia resulta nas caracteristicas
clinicas da doenca, hipertensdo e proteinuria, porque promove a liberacdo de alguns fatores,
ativando cascatas de eventos moleculares e celulares na circulacdo da gestante (AMASH et
al., 2007).
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Figura 10 — Alteragdes das arteriolas espirais uterinas na gravidez normal e na pré-eclampsia
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Fonte: Adaptado de BORTOLOTTO; BORTOLOTTO; ZUGAIB, 2008

Além do mais, devido a hipdxia ocorre uma perfusdo sanguinea inadequada levando a
areas de isquemia e reperfusdo que aumentam o estresse oxidativo através do aumento na
promocéo de EROs e provocam ativacao de leucocitos, principalmente os neutréfilos. A ERO
mais comum é o superoxido, sendo gerado nas celulas pela xantina oxidase, NADPH oxidase
e enzimas presentes na mitocondria responsaveis pela cadeia transportadora de elétrons.
Outras enzimas que podem estar alteradas durante a pré-eclampsia sdo as enzimas
antioxidantes que parecem estar diminuidas, entre elas a catalase, superéxido dismutase,
glutationa redutase, glicose-6-fosfato-desidrogenase, glutationa S-transferase, entre outras,
aumentando o estado de estresse oxidativo nessas gestantes (GITTO et al., 2002).

Rodrigo et al. (2005) demonstraram que neutréfilos isolados de mulheres com pré-
eclampsia sintetizam mais superoxido que gestantes normais, sendo mediado pela NADPH
oxidase. Além disso, alguns estudos sugerem que 0 estresse oxidativo aumentado nessa
patologia é sistémico, por ocorrer devido a liberacdo de citocinas pro-inflamatérias e
microparticulas do sinciciotrofoblasto, além da disfuncdo endotelial gerada pelos
peroxilipidios (HUNG et al., 2004; MATTHIESEN et al., 2005; ROBERTS; HUBEL, 1999;
SCHMIDT et al., 2008; WALSH, 1998), estando diretamente relacionado a fisiopatologia da
doenca, por causar leséo endotelial (Figura 11) (REIN et al., 2003; TAKAGI et al., 2004).
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Figura 11 — Consequéncias da producdo de radicais livres na pré-eclampsia
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N&o existe cura para a pré-eclampsia durante a gestacdo (FARAG et al., 2004), assim,
as gestantes com pressdo arterial maior ou igual a 160 x 110 mmHg sdo tratadas com
hipotensores para amenizar os sintomas, sendo a Hidralazina ou Nifidipina as drogas de
primeira escolha. Quando ha necessidade de manutencéo se utiliza a Metildopa, enquanto que
o0 Sulfato de Magnésio é utilizado para prevenir e tratar convulsdes nas gestantes, podendo ser
utilizado durante o trabalho de parto (MINISTERIO DA SAUDE, 2010). Sem um tratamento
adequado a gestante pode evoluir para um estado convulsivo conhecido como eclampsia

(NORIS et al., 2005). Por fim, a cura da pré-eclampsia somente ocorre apds 0 nascimento
com a retirada da placenta (FARAG et al., 2004).
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1.2 PROPOSICAO

1.2.1 Proposicao Geral

Esse trabalho teve como objetivo verificar o perfil oxidativo, a atividade da enzima o-
ALA-D e possiveis efeitos da suplementacdo com ferro em gestantes saudaveis. Além disso,
investigar uma possivel relacdo entre o status oxidativo, com a avaliacdo da resposta
antioxidante em gestantes com e sem pré-eclampsia, através da determinacdo de parametros

de dano oxidativo.

1.2.2 Proposicdes Especificas

Em gestantes saudaveis com e sem suplementacdo com ferro e em gestantes com pré-
eclampsia, objetiva-se:

- Avaliar a peroxidagéo lipidica através das substancias reativas ao acido tiobarbiturico
(TBARS);

- Avaliar os protetores de estresse oxidativo: a enzima catalase, a vitamina C e
grupamentos tidis protéicos e ndo-proteicos;

- Avaliar a atividade da enzima sulfidrilica delta-aminolevulinato desidratase (5-ALA-
D), bem como seu indice de reativacao;

- Auvaliar os parametros hematologicos (hemograma completo) e bioquimicos
(glicemia, &cido Urico, proteinuria);

- Avaliar as possiveis correlacdes entre as variaveis, através dos resultados obtidos.
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1.3 MATERIAIS E MEDOTOS

Os materiais e métodos que fazem parte desta dissertacdo estdo apresentados sob a
forma de um artigo e um manuscrito, 0s quais se encontram aqui organizados. O artigo
encontra-se publicado na revista International Journal of Environmental Research and Public
Health, enquanto o manuscrito foi submetido para a avaliagdo na revista Biomedicine and
Pharmacotherapy. Os itens Materiais e Métodos, Resultados, Discussdo e Referéncias

Bibliogréaficas, encontram-se nos préprios artigo e manuscrito.
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2 ARTIGO - Oxidative Profile and 8-Aminolevulinate Dehydratase Activity in Healthy

Pregnant Women with Iron Supplementation

Artigo publicado na revista International Journal of Environmental Research and Public
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Abstract: An oxidative burst occurs during pregnancy due to the large consumption of oxygen in
the tissues and an increase in metabolic demands in response to maternal physiological changes and
fetal growth. This study aimed to determine the oxidative profile and activity of d-aminolevulinate
dehydratase (5-ALA-D) in pregnant women who received iron supplementation. Oxidative stress
parameters were evaluated in 25 pregnant women with iron supplementation, 25 pregnant women
without supplementation and 25 non-pregnant women. The following oxidative stress parameters
were evaluated: thiobarbituric acid reactive substances (TBARS), protein thiol groups (P-SH),
non-protein thiol levels (NP-5H), vitamin C levels, catalase and &-ALA-D activity. Markers of
oxidative stress and cell damage, such as TBARS in plasma were significantly higher in pregnant
women without supplementation. Levels of P-5H, NP-SH and §-ALA-D activity were significantly
lower in pregnant women without supplememation compared to non-pregnant and pregnant women
with supplementation, while vitamin C levels were significantly lower in pregnant women without
supplementation when compared to non-pregnant women. The increase in the generation of oxidative
species and decrease of antioxidants suggest the loss of physiological oxidative balance during normal
pregnancy, which was not observed in pregnant women with iron supplementation, suggesting
a protective effect of iron against oxidative damage.

Keywords: iron; oxidative stress; antioxidant; 5-aminolevulinate dehydratase; pregnant women

1. Introduction

Pregnancy is a physiological challenge to be met by the mother and fetus, because of the high
metabolic demand and increased amount of oxygen in tissues, such as the placenta [1]. This increase
in the oxygen demands, even in a normal pregnancy, is associated with an increase in the generation
of reactive oxygen species (ROS) and, consequently, the presence of oxidative stress [2], defined as loss
of balance between pro-oxidants and antioxidants [3]. This imbalance can occur due to a number of
factors, such as excessive production of free radicals, overloading the amount of available antioxidants,
leading to lowered defense against the harmful effects of free radicals [4,5].

The maintenance of homeostasis to the physiological functions depends on the balance between
the generation of free radicals and antioxidant status of the organism. The antioxidants react rapidly
with free radicals to prevent the progression of auto-oxidation, detoxify the excess ROS and thereby
maintaining the balance between oxidants and antioxidants [6]. These antioxidant mechanisms
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include the enzymes catalase, glutathione peroxidase and superoxide dismutase [7] and exogenous
antioxidants as vitamin C and vitamin E [4]. The sulfhydryl delta-aminolevulinate dehydratase
enzyme (8-ALA-D) is responsible for catalyzing the synthesis of tetrapyrrolic compounds, such
as heme [8], which sulfhydryl groups in pro-oxidant conditions become susceptible to oxidation,
leading to inhibition of enzyme. Inhibition of §-ALA-D mainly affects heme biosynthesis, resulting in
the accumulation of the substrate, 5-aminolevulinic acid (ALA), which contributes directly to ROS
production and oxidative stress overall charge [9].

Oxidative stress can influence the entire reproductive period of a woman’s life and can play
a significant role during pregnancy, normal childbirth and premature delivery [10]. During placental
development, oxidative stress can reach excessive levels and is associated with various diseases during
pregnancy [6].

Because of the high prevalence of iron deficiency during pregnancy [11] iron supplementation,
especially in developing countries, is a fairly routine practice during gestation [12]. Maternal iron
deficiency during pregnancy can compromise the development of the newborn brain and it may cause
damage to physical and mental development [13]. In addition, Drevim ef al. showed a worsening in
oxidative stress related to iron deficiency in pregnant women [14].

Inview of evidence highlighting increased oxidative stress during healthy pregnancies, the objective
of the study was to verify the oxidative profile and the §-ALA-D enzyme activity in pregnant women
taking iron supplementation compared with pregnant women who were not taking supplementation
and non-pregnant women in order to establish an understanding of this adaptation of the woman's
body to pregnancy and better understand the redox state of the reproductive phase of women.

2. Materials and Methods

2.1. Study Population

The study population consisted of healthy pregnant women receiving care at the basic health unit
José Erasmo Crossetti in Santa Maria, Rio Grande do Sul, Brazil, and healthy non-pregnant women
from the Federal University of Santa Maria, with 25 healthy pregnant women who were on iron
supplementation (PIS) at concentrations of 40-120 mg/ day, according to medical guidance, 25 healthy
pregnant women without supplementation (PWS), and 25 non-pregnant healthy women (NP).

Healthy pregnant women were in their third trimester of pregnancy were included in the
experimental group, while in the non-pregnant group, healthy women in the same age group were
included. Pregnant and non-pregnant women with chronic conditions such as smoking, drinking,
asthma, hypertension, preeclampsia, diabetes mellitus, infectious diseases, thyroid disease, cancer or
any other chronic condition or that used medication or supplementation, with the exception of iron,
were excluded due to the possibility of bias in the results.

Blood collections from the pregnant women were conducted every Tuesday from July 2015 to
January 2016 at the prenatal clinic of the health center. The samples of non-pregnant women were
collected in the same period. Pregnant women taking iron supplementation were those who had
altered hemoglobin levels below 11 g/dL in the early months of pregnancy.

All participants gave written informed consent to participate in this study. The study was
approved by the Human Ethical Committee of the Federal University of Santa Maria, under protocol
number 22771613.6.0000.5346 and was in accordance with the Declaration of Helsinki (2000) of the
World Medical Association.

2.2. Sample Collection

Blood samples were collected by venipuncture, following fasting for 8 hours and the tests were
processed immediately after blood collection. 16 mL were collected in vacuum tubes; 1 containing
EDTA (4 mL) was used for a complete blood count and another containing sodium fluoride (4 mL) was
used for the determination of glucose levels. Two tubes containing heparin anticoagulant (4 mL) were
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used to obtain whole blood, plasma and erythrocytes. The plasma was separated by centrifugation at
3000 rpm for 10 min and then the erythrocytes were washed three times with (.9% NaClL.

2.3. Hematological, Biochemical and Clinical Parameters

Hematological parameters were evaluated with a Sysmex XE 5000 automated cell counter.
Fasting blood glucose was measured in plasma by a standard method with a commercial kit (Bioclin,
Minas Gerais, Brasil). Clinical parameters were also evaluated, including blood pressure of the
participants, which was measured using an aneroid sphygmomanometer. The body mass index (BMI)

was calculated by dividing weight by squared height (kg/ m?).

2.4, Thiobarbituric Acid Reactive Substances

Lipid peroxidation in plasma was evaluated by measuring thiobarbituric acid reactive substances
(TBARS) according to the method of Lapenna ¢t al. [15] using 1% phosphoric acid and 0.6%
thiobarbituric acid. The reaction product was measured spectrophotometrically at 532 nm and the
results were expressed in n mol TBARS/mL of plasma.

Lipid peroxidation in red cells was also assessed by measuring TBARS according to the
method of Lapenna ef al. [15] using 1.2% thiobarbituric acid. The reaction product was measured
spectrophotometrically at 532 nm and the results were expressed in nmol TBARS/mL of ery throcytes.

2.5. Protein Thiol Groups

Protein thiols groups (P-SH) were quantified in plasma by the method of Boyne and Ellman [16]
maodified by Jacques Silva et al. [17], which consists of reducing 5,5 -dithiobis(2-nitrobenzoic acid)
(DTNB) in 0.3 M phosphate buffer (pH 7.0) measured at 412 nm. The results were expressed as nmol
of P-5H/mL plasma.

2.6. Non-Protein Thiol Groups

Erythrocyte non-protein thiols groups (NP-SH) were determined as described by Boyne and
Ellman [16] and modified by Jacques Silva et al. [17]. The erythrocytes obtained after centrifugation
of whole blood were hemolyzed with a 10% selution of triton for 10 min. Then, the protein fraction
was precipitated with 20% trichloroacetic acid, followed by centrifugation. The colorimetric assay
was performed in 1 M phosphate buffer (pH 7.4). The NP-5H levels were measured at 412 nm and
expressed as nmol of NP-5H/mL erythrocytes.

2.7. Vitamin C

Vitamin C in plasma (VIT C) was evaluated as described by Galley et al. [18] with some
modifications by Jacques-Silva et al. [17]. The precipitate was isolated fresh plasma writh trichloroacetic
acid solution 5%, followed by centrifugation. An aliquot of the supernatant was homogenized with
2,4-dinitrophenylhydrazine (DNPH) and 13.3% trichloroacetic acid followed by incubation for 3 h at
37 “C. Then, 1 mL of sulfuric acid 65% was added to the medium and the orange-red compound was
measured at 520 nm. The ascorbic acid content was calculated using a standard curve (1.54.5 mmol /L.

of ascorbic acid freshly prepared in sulfuric acid) and expressed as ug VIT C/mL plasma.

2.8. Activity of Catalase

Catalase activity was determined as described by Aebi ef al. [19], based on H;O; decomposition,

determined spectrophotometrically at 240 nm using HzOz as substrate, with results expressed in
K/mg- Hb.
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2.9. -ALA-D Activity and Reactivity Index

&~ALA-D activity was determined in whole blood by the method of Berlin and Schaller [20],
measuring the formation rate of porphobilinogen in 1 h at 37 "C. The enzyme reaction was started
after 10 min pre-incubation of blood by the addition of §-ALA to a final concentration of 4 mM in
a phosphate buffered solution. The reaction product was determined using a modified Ehrlich’s
reagent at 555 nm with a molar absorption coefficient of 6.1 » 10* M~! for Ehrlich-porphobilinogen
salt. Results were expressed in U/L (PBG nmol,/h/mg: Hb). In order to determine whether changes in
O-ALA-D activity are related to the oxidation of thiol groups, a set of tubes was assayed using a similar
incubation medium except that 2 mM of the reducing agent dithiothreitol (DTT) was added for the
reactivation index. The reactivation index was estimated using: A—B/A » 100, where A = absorbance
assay with DTT and B = without DTT absorbance assay.

2.10. Statistical Analysis

Data analysis was performed using the software Graph Pad Prism w.5. (Harvey Motulsky,
San Diego, CA, USA). Shapiro-Wilk test was used to test the distribution of samples. The One-Way
analysis of variance (ANOVA) was used for comparison between groups with normally distributed
variables and the data were expressed as mean + standard deviation (SD). When there was a statistically
significant difference, the analysis was complemented by the Tukey test. Non-parametric results were
determined by Kruskal-Wallis test and represented as median (interquartile range). A p value < 0.05
was considered statistically significant for all analyses.

3. Results

The clinical and demographic characteristics of the 75 pregnant and non-pregnant volunteer
women who participated in this study are shown in Table 1.

Table 1. Clinical and demographic characteristics of pregnant and non-pregnant women.

Characteristics of Subjects NP in = 25) PWS (n = 25) PIS (n = 25)
Age (years) 26.50(23.75-29.00) 26.00 (22.25-30.00) 23.00 (20.00-28.00)
Height (cm) 164.80 + 6.08 161.90 + 548 160.70 + 6.50
Weight (kg) 60.00 (56.00-68.25) 78.00 (67.50-9077) 1 73.20 (66.10-87.48) 1
BMI (kg/m?) 2223 (21.17-24.86) 28.06 (26.87-34.55) 1 28.70 (26.60-32.59) 1
Gestational age (weeks) - 3204 + 313 3355 + 285
Systolic pressure (mmHg) 110.00 (110.00-120.00) ~ 110.00 (102.50~120.00)  110.00 (100.00-110.00)
Diastolic pressure (mmHg) 70.00 (60.00-80.00) 70.00 (70.00-77.50) 70.00 {60.00-70.00)

Parametric results were determined by ANOVA followed by Tukey test and represented as mean + standard
deviation and non-parametric results were determined by Kruskal-Wallis and represented as median (interquartile
range). 1 p < 0.05 when compared with the group of non-pregnant women; NP: non-pregnant women; PW5:
pregnant women without supplementation with iron; PIS: pregnant women with iron supplementation.

There were no significant differences between groups in terms of age, height, gestational age,
systolic pressure and diastolic pressure. However, as expected, there was a significant difference in
weight and BMI between the group of non-pregnant women and the group of pregnant women with
and without iron supplementation.

Hematological and biochemical parameters were analyzed, though some were not statistically
significant between the groups of pregnant and non-pregnant women. However, other parameters
were statistically significant between the groups as shown in Table 2.

With regard to hematological parameters, there was a significant decrease in erythrocytes,
hematocrit and hemoglobin in the two groups of pregnant women when compared to the group
of non-pregnant women, as can be seen in Table 2. On the other hand, there was no significant
difference between the groups for glucose values and platelets.
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Table 2. Hematological and biochemical parameters of pregnant and non-pregnant women.

Parameter NP (n =25) PWS (n = 25) PIS (n = 25)
Erythrocytes (10° /mm?) 4.66 + 0.31 391+ 0.241 413 + 0301
Hematocrit (%) 40.85 (38.60-43.55) 35.00 (33.93-36.90) ! 36.40 (35.20-38.15) 1
Hemoglobin (g/dL) 13.25 (12.60-14.07) 11.60 (11.23-12.25) 1 11.90 (11.43-13.20) !
Platelets (MIL/mm?) 248,50 (215.50-282.80)  239.00 (191.50-263.80)  218.00 (203.00-241.00)
Glucose (mg/dL) 77.88 + 543 74.38 + 6.60 75.90 + 6.93

Parametric results were determined by ANOVA followed by Tukey test and represented as mean + standard
deviation and non-parametric results were determined by Kruskal-Wallis and represented as median (interquartile
range). 1 p = 0.05 when compared with the group of non-pregnant women; NP: non-pregnant women; PWS5:
pregnant women without supplementation with iron; PIS: pregnant women with iron supplementation

With respect to oxidative stress markers, shown in Table 3, the TBARS levels in plasma were
significantly higher in pregnant women without supplementation, whereas P-5H and NP-5H were
significantly lower in pregnant women without supplementation when compared to pregnant women
with iron supplementation and non-pregnant women, while vitamin C levels were significantly lower
in pregnant women without supplementation when compared to non-pregnant women. TBARS in
erythrocytes and catalase were not significantly different between pregnant and non-pregnant women.

Table 3. Oxidative stress markers in pregnant and non-pregnant women.

Parameter NP (1 = 25) PWS (n = 25) PIS (n = 25)
TBARS plasma (nmol/mL) 345+ 139 486 + 147 12 3.59 + 1.37
TBARS erythrocytes (nmol/mL) 13.37 + 4.86 14.13 + 496 15.71 + 4.96
P-5H (nmol P-SH/mL) 149.60 + 14.40 128.90 + 22.34 12 150.10 + 20.66
NP-SH (nmol NP-5H/mL}) 927.90 + 163.40 694.90 + 1504012 §29.50 + 155.90
VITAMIN C (ugvit C/mlL) 18.94 + 5.69 1430 + 5871 14.83 + 6.18
CATALASE (K/mg- Hb) 49.32 + 7.65 48.04 + 8.04 53.85 + 9.01

Data expressed as mean + standard deviation. The statistically significant differences were determined by
ANOVA followed by Tukey test. ! p < 0.05 for comparisons with the group of non-pregnant women; z p<0.05
when comparing with the group of pregnant women with iron supplementation; NP: non-pregnant women;
PWS: pregnant women without supplementation with iron; PIS: pregnant w omen with iron supplementation.
TBARS: thiobarbituric acid reactive substances, P-SH: thicl groups of proteins in the plasma, NP-5H: non-protein

thiol groups in erythrocytes.

43

6-ALA-D activity in the blood was significantly lower in pregnant women without supplementation
when compared to non-pregnant women and pregnant women with supplementation, and the same
was observed in the presence of DTT (Table 4). In addition, the enzyme reactivation index was higher
in pregnant women without supplementation when compared to non-pregnant and pregnant women

with supplementation (Table 4).

Table 4. Delta-aminclevulinate dehydratase activity and Reactivation Index in pregnant and

non-pregnant women.

Parameter NP (n = 25) PWS (n = 25) PIS (n = 25)

S-ALA-D (U/L) 56.67 (46.66—68.73) 41.18 (26.36-45.73) 1.2 47 67 (65.67-39.21)
S-ALA-D + DTT(U/L) 7370 (3.91-86.27) 53.54 (41.05-61.70) 12 65.34 (59.98-84.04)
Reactivation Index (%) 16.10 (13.17-27.00) 31.84 (29.39-34.71) 12 24.30 (21.50-29.30)

Data expressed as median (interquartile range). Statistically significant differences were determined by
Kruskal-Wallis. ! p < 0.05 when compared with the group of non-pregnant women; 2 p < 0.05 when compared
with the group of pregnant women with iron supplementation; NP: non-pregnant women; PWS: pregnant
women without supplementation with iron; PIS: pregnant women with iron supplementation; 5-ALA-D:

delta-aminolevulinate dehydratase; DTT: dithiothreitol.
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4, Discussion

In normal pregnancy there are physiological and anatomical adjustments that cause changes in
the mother’s body, such as changes in hormones and in humoral and figurative elements of blood [21].
Usually there is a physiological anemia with decreased hemoglobin, due to increased plasma volume in
relation to erythrocyte volume, resulting in a physiological blood dilution. During pregnancy, hematocrit
usually ranges from 32% to 34% compared to non-pregnant women, and the transition from iron to the
fetus may further aggravate this anemia. Due to platelet aggregation, the amount of platelets may be
lower during pregnancy, even while it may remain within the reference values [22]. Hematological
data of the volunteers in this study corroborate those from the literature, as shown in Table 2.

Some studies suggest that contact of cell membranes with ROS can lead to lipid peroxidation,
promoting cell damage due to changes in the physical properties and structural organization
of membrane components, resulting in loss of ion exchange selectivity, release of organelle
content, such as lysosomal hydrolytic enzymes, and production of cytotoxic products, including
malondialdehyde [23-25]. During normal pregnancy, lipid peroxidation is higher when compared
with non-pregnancy in healthy women [26], which was confirmed in our study by increased levels of
TBARS in plasma (Table 3), suggesting an increase of lipid membrane damage in pregnant women
without supplementation when compared to non-pregnant women.

The thiol functional group (-SH) present in biomolecules performs a significant role in various
physiological functions and pathological conditions by reducing properties, chelation of protein and
protecting against oxidative stress, being susceptible to oxidative damage [27,28]. This study showed
a decrease of thiol groups in plasma and erythrocytes of pregnant women without supplementation
(Table 3) which may indicate lowered defense against oxidative damage.

Vitamin C was significantly lower in the pregnant women without supplementation when
compared to non-pregnant women (Table 3). This result is consistent with data from other studies
suggesting that in pregnant women, ascorbate may be used to compensate for the disturbance in cells
mediated by free radicals to maintain normal homeostasis during pregnancy [29,30].

The §-ALA-D enzyme is the second enzyme in the heme biosynthetic pathway used to maintain
the hemoglobin content of erythrocytes [31]. Its inhibition leads to the accumulation of ALA in
the blood, which is related to the overproduction of ROS [32]. ALA undergoes autoxidation at
physiological pH resulting in the formation of Oy ~, HyO; and ALA free radicals [33], causing oxidative
DNA damage, lipid peroxidation and depletion of the cellular antioxidant defense system [34].
The reduction of 5-ALA-D activity observed in pregnant women without supplementation in the
present study (Table 4) suggests that inhibition of this enzyme may contribute to the overall levels of ROS
in these pregnant women which is in accordance with the study by Ademuyiwae et al. [35], who found
similar results, which may also be related to lower hemoglobin and hematocrit values. Furthermore,
studies have shown that this enzyme protein is a marker of oxidative stress situations [9,36].

The analysis of in vitro activity of &-ALA-D was performed by incubation with dithiothreitol,
which is a reducing agent used both to reverse and to prevent oxidation of thiol groups (-5H) of the
enzyme [37]. An index of greater enzymatic reactivation was observed in pregnant women without
supplementation when compared to non-pregnant women and pregnant women with supplementation
(Table 4), showing a possible involvement of the groups (SH), through partial restoration of -ALA-D
activity in the presence of DTT. The portion that was not restored may be related to the oxidation of
other groupings or even due to a decrease in its biosynthesis.

Iron deficiency during pregnancy mainly occurs due to inadequate dietary intake in this period
where there is a greater need for this nutrient [38]. Despite the wide use of iron supplementation
during pregnancy due to the high incidence of iron deficiency anemia, few studies have evaluated the
effect of supplementation to the mother and the neonate, however, its use has been shown to improve
hematological indices as noted in the study of Lunardi-Maia ef al. [11].

Iron, used in low doses, is an essential mineral for cellular homeostasis and a cofactor in numerous
biological reactions due to its ability to donate and receive electrons. In addition, it participates in
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the formation of several proteins and is essential for the formation of heme. When in the form
of hemeprotein, it is essential for transporting oxygen, detoxification and energy generation [39].
Mitochondria are critical for iron metabolism because they are where the biosynthesis of Fe-S clusters
and heme biosynthesis occur. Iron intake in the mitochondria is not yet fully understood. Frataxin,
a protein which is located in the matrix and in the inner mitochondrial membrane, regulates iron
utilization after being transported through the mitochondrial membrane, allocating it to the genesis
of Fe-S clusters or to the synthesis of heme. By forming a complex with iron, frataxin prevents the
formation of free radicals in the mitochondrion [40].

Iron supplementation during pregnancy is a conflicting subject in the literature. Some studies
have shown that iron, in excess, can lead to increased oxidative stress [41,42], harming the metabolism
of pregnant women and leading to complications, such as preeclampsia [43] and Gestational Diabetes
Mellitus [44]. In contrast, other studies have suggested that iron is one of the most important
micronutrients able to trap free radicals [45]. Iron supplementation can improve the hematological
system, helping to normalize hematocrit and hemoglobin and to reduce the state of oxidative stress in
anemic pregnant women. Considering the decline of some oxidative stress parameters caused due
to anemia [46,47], it is a mineral which may act indirectly as a non-enzymatic antioxidant and thus
an important cofactor of antioxidant enzymes [48]. This was confirmed in this study, where there
was an improvement in the state of oxidative stress in pregnant women receiving supplementation
with iron as shown in Table 3, through the reduction in plasma TBARS levels, along with increased
levels of antioxidants such as thiol groups both in plasma and in the erythrocytes and an increase in
&-ALA-D activity.

5. Conclusions

The loss of normal physiological balance between generation of oxidative species and antioxidant
capacity in the maternal organism during pregnancy, observed by increased oxidative substances, by
falling antioxidant levels and inhibition of &-ALA-D enzyme activity, suggests an increased oxidative
profile in pregnant women who do not use iron supplementation when compared with pregnant
women who are using supplementation and non-pregnant women. Iron supplementation may promote
a protective effect against oxidative damage produced during pregnancy. However, other studies
involving a larger number of patients are needed to confirm these findings.
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The following abbreviations are used in this manuscript:

ALA 5-aminolevulinic acid
BMI body mass index

DTT dithiothreitol

NP non-pregnant women
NP-5H non-protein thiol groups

PIS pregnant women who were on iron supplementation
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P-SH Protein thiol groups
PWS pregnant women without supplementation
ROS reactive oxygen species

SD

standard deviation

TBARS thiobarbituric acid reactive substances
VITC vitamin C
S-ALA-D delta-aminolevulinate dehydratase
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Abstract: Preeclampsia is an important pregnancy-specific multisystem disorder
characterized by the onset of hypertension and proteinuria. It is of unknown etiology and
involves serious risks for the pregnant women and fetus. One of the main factors involved in
the pathophysiology of preeclampsia is oxidative stress, where excess free radicals produce
harmful effects, including damage to macromolecules such as lipids, proteins and DNA. In
addition, the sulfhydryl delta-aminolevulinate dehydratase enzyme (6-ALA-D) that is part of
the heme biosynthetic pathway in pro-oxidant conditions can be inhibited, which may result
in the accumulation of 5-aminolevulinic acid (ALA), associated with the overproduction of
free radicals, suggesting it to be an indirect marker of oxidative stress. As hypertensive
pregnancy complications are a major cause of morbidity and mortality maternal and fetal
where oxidative stress appears to be an important factor involved in preeclampsia, the aim of
this study was to evaluate the activity of 6-ALA-D and classic oxidative stress markers in the
blood of pregnant women with mild and severe preeclampsia. The analysis and quantification
of the following oxidative stress markers were performed: thiobarbituric acid-reactive species
(TBARS); presence of protein and non-protein thiol group; quantification of vitamin C;
Catalase and d8-ALA-D activities in samples of blood of pregnant women with mild
preeclampsia (n=25), with severe preeclampsia (n=30) and in a control group of healthy
pregnant women (n=30). TBARS was significantly higher in women with preeclampsia, while
the presence of thiol groups, levels of vitamin C, catalase and &-ALA-D activity were

significantly lower in groups of pregnant women with preeclampsia compared with healthy
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women. In addition, the results showed no significant difference between groups of pregnant
women with mild and severe preeclampsia. The data suggest a state of increased oxidative
stress in pregnant women with preeclampsia compared to healthy pregnant women, which
may be related to the complications of this disease.

Keywords: delta-aminolevulinate dehydratase, oxidative stress, pregnant women,

preeclampsia

The following abbreviations are used in this manuscript: ALA: 5-aminolevulinic acid; BMI: body mass index; C:
control group; DTT: dithiothreitol; FR: Free radicals; MPE: mild preeclampsia; NP: non-pregnant women; NP-SH:
non-protein thiol groups; P-SH: Protein thiol groups; ROS: reactive oxygen species; SD: standard deviation; SPE:
severe preeclampsia; TBARS: thiobarbituric acid reactive substances; VIT C: vitamin C; d-ALA-D: delta-
aminolevulinate dehydratase

1. Introduction

Preeclampsia is a specific clinical condition of pregnancy, characterized by the onset
of hypertension and proteinuria (> 300 mg/day) after 20 weeks of gestation [1]. It is a
multisystem pathology whose etiology is little known and a leading cause of maternal fetal
and neonatal morbidity and mortality, affecting 3-5% of pregnancies mainly in low and
middle income countries [1-3]. The most frequent maternal complications of this syndrome
are hemolysis, elevated liver enzymes and low platelet count, known as coagulopathy/HELLP
syndrome, affecting about 10-20% of pregnant women. Other complications include
pulmonary edema (2-5%), kidney failure (1-5%) and abruptio placentae (1-4%) [4,5].
Children born to women with preeclampsia have a higher risk of developing
bronchopulmonary dysplasia and cerebral palsy related to premature birth and fetal growth
restriction [1].

Oxidative stress is characterized by an imbalance of the endogenous antioxidant status
and free radical generation, related to the physiopathology of some diseases [6,7]. Free
radicals (FR) are atoms, ions or molecules with an unpaired electron, characterized by high
instability and great reactivity, where the unpaired electron can easily connect with others,
behaving as an oxidizer or reducer [8]. The problem created by this kind of reaction is that the
products formed are also radicals, most of which are able to propagate the reaction, leading to
extensive damage [9]. Furthermore, the FR have a high capacity to generate irreversible
damage to important biomolecules in the body, such as DNA molecules, proteins and lipid

membranes, due to their potential to induce biochemical changes [7,10].
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Some studies have suggested that oxidative stress is one of the main factors involved
in the etiology of preeclampsia [11,12] and can influence the entire pregnancy [13] by
producing lipid peroxidation of cell membranes, contributing to endothelial dysfunction,
which is one characteristics of the disease [14,15]. In preeclampsia, there is inadequate blood
perfusion due to a failure in the trophoblast invasion, causing ischemia and reperfusion,
generating an increase in the production of reactive oxygen species (ROS) [16]. Furthermore,
placental tissue from women with preeclampsia showed an increased ability to form O, [17].
Another parameter that has been associated with serious complications of preeclampsia,
including perinatal death, is the accumulation of uric acid [18] which is considered a marker
of oxidative stress in addition to being a marker of renal dysfunction and tissue damage [19].

In pro-oxidants situations, the enzyme 3-ALA-D can be inhibited [20,21], as it is an
enzyme containing sulfhydryl groups that are extremely sensitive to oxidizing agents [22].
This enzyme has a primary role in most aerobic organisms, because it participates in the
biosynthesis of the heme group of hemoglobin [21]. The decrease in the activity of this
enzyme is due to oxidation of the sulfhydryl groups, impairing biosynthesis of heme and
leading to an accumulation of the substrate 5-aminolevulinic acid (ALA), thus contributing to
an increase in the production of ROS [20,21,23]. In an attempt to remove these free radicals
from the body, antioxidant enzymes such as catalase, glutathione peroxidase, superoxide
dismutase, along with antioxidant compounds from the diet such as vitamin C and vitamin E,
work together to transform these toxic oxygen molecules into harmless substances [13,24].

Free radicals are an important mechanism involved in tissue damage, playing a
significant role in several diseases [7]. As hypertensive complications during pregnancy have
become increasingly recurrent and are now considered a major public health problem and
considering the scarcity of related studies, this study aims to evaluate the oxidative stress
parameters mainly by evaluating 3-ALA-D activity in pregnant women with mild and severe

preeclampsia and to correlate its activity with other parameters of oxidative stress.

2. Materials and Methods

2.1. Population Study
The study population consisted of 85 pregnant women, including 30 healthy pregnant

women in the control group (C), 25 pregnant women with mild preeclampsia (MPE) and 30
pregnant women with severe preeclampsia (SPE), classified according to the severity criteria

[25]. Prenatal care for the control group was provided at the basic health unit José Erasmo
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Crossetti in Santa Maria, Rio Grande do Sul, Brazil, where the blood samples were collected.
The women from the two Preeclampsia groups received prenatal care at the University
Hospital of Santa Maria, as they are at risk.

All pregnant women in the survey received medical care, were in their third trimester
of pregnancy and were in the same age group. The study excluded pregnant women with
chronic diseases, infectious diseases, cancer, thyroid dysfunction or any other disease, as well
as smokers, drinkers or anyone using any kind of medication, except for pregnant women
with preeclampsia who were using antihypertensives, such as hydralazine, methyldopa and
nifedipine.

Voluntary pregnant women participating in the study signed a free and informed
consent form and the study was approved by the Ethics Committee for Research on Human
Beings of the Federal University of Santa Maria (22771613.6.0000.5346.)

2.2. Sample collection

Blood samples were collected after 8 hours of fasting in vacuum tubes containing
heparin, EDTA, sodium fluoride and one without anticoagulant. The whole blood plasma and
erythrocytes were obtained from heparinized blood, where the plasma was separated by
centrifugation at 3000 rpm and the erythrocytes were washed with 0.9% NaCl. All tests were

processed immediately after collection.

2.3. Clinical, biochemical and hematological parameters

Blood pressure was assessed in an aneroid sphygmomanometer and body mass index
(BMI) was calculated by dividing weight by height squared (kg/m?). Fasting blood glucose
measured in plasma and uric acid measured in serum were assessed by standard method with
a commercial kit (Bioclin). Urine protein levels were measured using the Siemens Dimension
Xpand plus HM Clinical Analyzer and proteinuria was calculated by urine protein (mg/dl) x
collected urine volume (ml) in 24 hours/100. Hematological parameters (erythrocytes,
hemoglobin, hematocrit and platelets) were determined with an automatic counter Sysmex XE
5000 cells.

2.4. Oxidizing substances

Lipid peroxidation was assessed in plasma and erythrocytes by measuring
thiobarbituric acid-reactive substances (TBARS) according to the method of Lapenna et al
(2001) [26], using thiobarbituric acid and a standard curve of different concentrations of

malondialdehyde (MDA), where the reaction product was measured spectrophotometrically at
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532 nm and the results were expressed in nmol MDA/mI plasma and in nmol MDA/mI of
erythrocytes.

2.5. Antioxidants

Protein thiol groups (P-SH) were quantified in plasma and non-protein thiol groups
(NP-SH) in erythrocytes by the method of Ellman & Boyne (1972) [27] modified by Jacques-
Silva et al (2001) [28], which consists of reducing acid 5,5'-dithiobis (2-nitrobenzoic acid)
(DTNB) in phosphate buffer measured at 412 nm. The results were expressed as nmol of P-
SH/ml plasma and NP-SH nmol/ml erythrocytes.

Vitamin C (VIT C) in plasma was estimated as described by Galley et al. (1996) [29]
with some modifications by Jacques-Silva et al. (2001) [28], where the orange-red compound

formed was measured at 520 nm and results were expressed in pg vit C/ml plasma.

2.6. Enzymatic activity

Catalase activity was determined spectrophotometrically by the method of Aebi et al
[30], at 240 nm using hydrogen peroxide as substrate. The method is based on the
decomposition of H,0; and the results were expressed in K/mg Hb.

d-ALA-D activity was determined in whole blood by the method of Berlin and
Schaller (1974) [31], measuring the porphobilinogen (PBG) formation rate at 1 h at 37°C,
where the reaction product was determined at 555 nm and results were expressed in U/L
(nmol PBG/h/mgHDb). To verify that changes in enzyme activity were related to the oxidation
of thiol groups, a set of similar tubes was incubated, except for the addition of 2 mM
dithiothreitol (DTT) as a reducing agent, to obtain the reactivation index using A-B/A*100,

where A = DTT absorbance assay and B = no DTT absorbance assay.

2.7. Statistical analysis

The software Graph Pad Prism v.5. (San Diego, California) was used to analyze the
data. The Shapiro-Wilk test was used to test for sample distribution. When the groups were
normally distributed, we used the One-Way analysis of variance (ANOVA) followed by
Tukey’s test for comparison between groups and data were expressed as mean + standard
deviation (SD). For analysis of non-parametric data, we used the Kruskal-Wallis test and the
results were presented as median (interquartile range). For correlation, we used Spearman'’s
correlation coefficient for nonparametric data, where values of p <0.05 were considered

statistically significant for all analyses.
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3. Results

A total of eighty-five voluntary pregnant women participated in this study. The
clinical and demographic characteristics of the women with and without preeclampsia are
shown in Table A. As expected, patients with preeclampsia presented increased systolic and
diastolic pressure. Pregnant women with severe preeclampsia presented higher systolic and
diastolic blood pressure than women with mild preeclampsia and controls. The other clinical
and demographic characteristics were not significantly different among the groups.

The biochemical and hematological parameters evaluated are shown in Table B. Uric
acid was higher in patients with severe preeclampsia when compared to pregnant controls and
pregnant women with mild preeclampsia and platelets were lower in patients with severe
preeclampsia when compared to pregnant controls.

Markers of oxidative stress in the present study were altered in pregnant women with
PE, as shown in Table C. TBARS levels present in plasma and erythrocytes were significantly
higher in pregnant women with preeclampsia, while protein thiol groups, non-protein thiol
groups, the amount of Vitamin C and catalase activity were significantly lower in the group of
pregnant women with preeclampsia when compared to pregnant controls. However, there
were no significant differences in these markers between the groups of pregnant women with
mild and severe preeclampsia.

d-ALA-D activity in the blood was significantly lower in women with preeclampsia
compared to pregnant controls and the same was observed in the presence of DTT (Figure A),
with no significant difference between pregnant women with mild and severe preeclampsia. In
addition, the enzyme reactivation index was higher in patients with preeclampsia when
compared to the group of pregnant controls (Figure B), however, the same was not observed
when comparing the groups of pregnant women with mild and severe preeclampsia.

With respect to the correlation between 6-ALA-D activity and the other parameters of
oxidative stress, as can be seen in Table D, there was a weak positive correlation between &-
ALA-D activity and SH erythrocytes, vitamin C and catalase activity. In addition, there was a

weak negative correlation between plasma TBARS levels and 3-ALA-D activity.

4. Discussion

Despite numerous studies attempting to identify mechanisms that induce preeclampsia,
no specific cause has been identified, but rather only a few associations between preeclampsia

and some variants of genes involved in inflammation, the rennin-angiotensin system,
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thrombophilia and oxidative stress [1,4]. In this study, there was an increase in the levels of
oxidative stress, a decrease in antioxidant defenses and the first time demonstrated a decrease
in 3-ALA-D activity in pregnant women with mild and severe preeclampsia.

Preeclampsia is characterized by an increase in systolic and diastolic pressure,
accompanied by increased proteinuria after the 20th week of pregnancy and maternal
disorders such as renal failure and hematological complications [1]. Our data corroborate this,
with increased blood pressure, proteinuria, and uric acid and decreased platelets in pregnant
women with preeclampsia when compared to the control (Table A and B).

In addition to being a marker of kidney dysfunction, uric acid is also a marker of tissue
damage and oxidative stress [19]. As can be seen in Table B, uric acid was higher in women
with preeclampsia, especially in those with severe preeclampsia, confirming findings from
other studies [19,32]. The final product of the purine metabolism is uric acid, which is
synthesized by xanthine oxidase, and ischemia/hypoxia of the placenta and cytokines increase
the expression of xanthine oxidase, thus increasing the production of uric acid in pregnant
women with preeclampsia [19].

The main products generated by oxidative stress in preeclampsia are from lipid
peroxidation and lipid damage can be assessed by measuring MDA. The final product of lipid
peroxidation is MDA degradation of polyunsaturated fatty acids, which can be measured by
the TBARS assay [33]. Shaker & Sadik [19] suggest that the placenta is a major source of
increased MDA and that this increase involves lipid peroxidation in preeclampsia. An
increase of lipid damage in women with preeclampsia was observed in this study by the
increase in TBARS levels in plasma and erythrocytes of these women compared to pregnant
controls (Table C).

There was also a decrease of thiol groups in plasma and erythrocytes of pregnant
women with preeclampsia (Table C), which are antioxidant molecules that contain the
sulfhydryl (-SH) group bound to a carbon atom and are effective against damage caused by
free radicals. They play key roles in the function and structure of proteins, antioxidant
protection and regulation of enzyme activity, with the sulfhydryl groups being the main agent
in the antioxidant effect of proteins [34]. An additional parameter evaluated was vitamin C
level, which was significantly lower in the group of women with preeclampsia when
compared to the pregnant controls (Table C). Vitamin C is an antioxidant and acts as a
reducing agent reacting with superoxide radicals and hydroperoxides and its decrease may be
due to its action to eliminate some free radicals, which are increased in preeclampsia [35].

The catalase enzyme is part of the antioxidant system and acts to protect cells against
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oxidative stress by degrading hydrogen peroxide [36]. The decrease in catalase activity
observed in women with preeclampsia (Table C) can impair the development of the placenta
and reflects a change in the antioxidant system due to increased reactive oxygen species,
resulting in an increase in protein peroxidation [37]. Thus, with the decreases in thiol groups,
vitamin C and catalase activity demonstrate a depletion in antioxidant system of pregnant
women with preeclampsia.

d-ALA-D is the second enzyme in the heme biosynthetic pathway [13] and may be
critical as a marker of oxidative stress, in conjunction with other markers [36]. There was an
increased inhibition of this enzyme in women with preeclampsia when compared to pregnant
controls (Figure A). This inhibition generates ALA accumulation, which undergoes auto-
oxidation at the physiological pH, affecting the formation of H,O,, O, and ALA free radicals,
generating an increase in lipid peroxidation and oxidative DNA damage and a decrease in the
antioxidant system [13,23].

After incubation with the reducing agent dithiothreitol (DTT), alterations in the basal
activity of 5-ALA-D were observed (Figure A), where DTT was able to prevent the oxidation
of thiol groups of the enzyme [38]. DTT is used to reverse the inhibition of 6-ALA-D activity
as it is responsible for maintaining the thiol groups of the enzyme in a reduced state, thereby
providing the enzyme reactivation index [21,39]. Some studies have used the enzyme
reactivation index to evaluate the involvement of thiol groups in the inhibition of 6-ALA-D
activity, demonstrating significant results regarding the evaluation of oxidative stress in
different pathologies [40-42]. In this study, we observed a higher reactivation rate in pregnant
women with preeclampsia when compared to pregnant controls (Figure B), showing a
possible involvement of thiols in the restoration of enzyme activity in the presence of DTT in
vitro. This would explain the weak positive correlation observed between the activity of &-
ALA-D and thiol groups in erythrocytes, shown in Table D, suggesting an additive effect of
preeclampsia in relation to reactivation of the enzyme.

The low level of 6-ALA-D activity observed in women with preeclampsia in this study
suggests that inhibition of this enzyme may contribute to the overall level of ROS in women
with this condition and may be a key factor in endothelial changes which are usually observed
in this condition [13]. This may account for the weak negative correlation between the activity
of 5-ALA-D and plasma TBARS levels observed in the study (Table D).

The inhibition of 3-ALA-D activity can lead to auto-oxidation of ALA, generating an
increase in ROS and a depletion of the antioxidant system, as there is a disturbance in the

cellular balance of pro-oxidants and antioxidants [21]. Added to this, endogenous vitamin C
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acts in the protective oxidation of thiol groups [36], and when there is a decrease in plasma
concentrations of antioxidants, there is a consequent increase in the oxidation of these groups
[43]. That is, the decrease in vitamin C levels observed in women with preeclampsia may
impair the protection against oxidation of thiols, which may be related to the weak positive
correlation observed in Table D. According to Paniz et al. [43] this correlation demonstrates
that vitamin C levels may be associated with 5-ALA-D levels found in the blood because it is
a thiol-dependent enzyme, which may represent the current oxidative status. Furthermore,
Fredstrom [44] suggests that vitamin C may promote blood vasodilation and prevent
endothelial dysfunction in some pathologies such as hypertension, atherosclerosis and
hypercholesterolemia, thus the decrease in this important antioxidant defense may promote a
deterioration of the clinical condition of pregnant women with preeclampsia.

3-ALA-D is responsible for catalyzing the condensation of two ALA molecules to
form porphobilinogen polypyrrole (PBG), which then forms tetrapyrrole molecules, key
components of some proteins, and cytochromes, hemoglobin and some enzymes, such as
catalase [10]. Furthermore, the decrease in antioxidant enzyme activity may be promoted by
changes in the structure of the proteins that compose them, which can change the functions of
these enzymes, influencing the antioxidant response of the body [45]. Thus, as can be seen by
the weak positive correlation in Table D, the decrease in 6-ALA-D activity in pregnant
women with preeclampsia may be directly related to decreased catalase activity, another
important antioxidant enzyme, and this may be due to decreased production of the tetrapyrrole

molecule that is part of the structure of this enzyme [45,46].

5. Conclusion

The present study reports the levels of oxidative stress in pregnant women with
preeclampsia, highlighting 6-ALA-D activity and its possible association with changes in
other markers of oxidative stress in pregnant women with preeclampsia. Since oxidative stress
and changes in the antioxidant capacity related to this pathology may influence fetal growth
and development, these results are very important to contribute to a better understanding of

the complex mechanisms involved in the pathogenesis of this disease.
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Appendices

Table A: Clinical and demographic characteristics of pregnant women with and without preeclampsia.

Characteristics of Subjects C (n=30) MPE (n=25) SPE (n=30)
Age (years) 26.67 +£4.42 28.50 + 6.80 28.72 £ 6.33
Gestational age (weeks) 32.50 (31.00-36.75) 35.00 (28.00-36.00) 32.00 (29.00-35.75)
BMI (kg/m?) 29.75 (27.33-33.79) 29.33 (25.78-32.42) 31.74 (29.34-34.48)

Systolic pressure (mmHg) ~ 110.00 (100.00-110.00)  130.00 (120.00-140.00)*  160.00 (145.00-170.00)"*
Diastolic pressure (mmHg)  70.00 (60.00-70.00) 80.00 (80.00-100.00)" 100.00 (90.00-110.00)"?

Parametric results were determined by ANOVA followed by Tukey’s test and represented as mean + standard
deviation and nonparametric results were determined by Kruskal-Wallis and represented as median (interquartile
range).

'p <0.05 when compared to the group of pregnant controls; ?p <0.05 when compared to the group of pregnant
women with mild preeclampsia; BMI: Body Mass Index; C: Control group; MPE: Mild preeclampsia; SPE:
Severe preeclampsia.

Table B: Biochemical and hematological parameters of pregnant women with and without preeclampsia.

Parameter C (n=30) MPE (n=25) SPE (n=30)

Uric acid (mg/dL) 3.48 +0.78 4.60 +0.89 5.95+ 1.81"
Glucose (mg/dL) 75.50 (69.25-80.00) 81.00 (63.00-86.00) 80.00 (69.00-88.50)
Proteinuria (mg/24 h) - 381.50 (326.30-482.30)  1801.00 (709.50-4995.00)>
Erythrocytes (10%/mm3) 4.00+£0.30 3.95+0.41 4.05+0.31
Hematocrit (%) 35.20 (34.09-37.28) 33.30 (31.55-36.05) 36.00 (34.13-37.08)
Hemoglobin (g/dL) 11.81+0.93 11.21+1.03 11.83+0.89

Platelets (MIL/mm?) 231.50 (209.80-252.30)  213.00 (171.00-252.00) 184.00 (155.30-234.30)"

Parametric results were determined by ANOVA followed by Tukey’s test and represented as mean + standard
deviation and nonparametric results were determined by Kruskal-Wallis and represented as median (interquartile
range).

'p <0.05 when compared to the group of pregnant controls; “p <0.05 when compared to the group of pregnant
women with mild preeclampsia; BMI: Body Mass Index; C: Control group; MPE: Mild preeclampsia; SPE:
Severe preeclampsia.
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Table C: Oxidative stress markers in pregnant women with and without preeclampsia.

Parameter C (n=30) MPE (n=25) SPE (n=30)
TBARS erythrocytes (nmol/mL) 12.62 (7.72-16.45)  20.67 (14.20-33.63)7  27.84 (12.45-32.02)"
TBARS plasma (nmol/mL) 3.19 (2.39-3.75). 3.54 (3.28-5.73)" 4.11 (3.45-5.31)"
NP-SH (nmol NP-SH/mL) 859.10 £118.70 775.60 + 130.80" 739.40 + 104.00"
P-SH (nmol P-SH/mL) 144.10 £ 21.69 126.60 + 25.38" 112.20 + 26.24"
VITAMIN C (ug vit C/mL) 18.01 (12.75-27.08) 10.74 (8.88-15.78)* 11.68 (9.18-16.40)"
CATALASE (K/mg Hb) 54.05 (47.16-59.11)  38.18 (23.56-51.45)!  27.29 (20.28-53.99)"

Parametric results were determined by ANOVA followed by Tukey’s test and represented as mean + standard
deviation and nonparametric results were determined by Kruskal-Wallis and represented as median (interquartile
range).

'p <0.05 when compared to the group of pregnant controls; C: Control group; MPE: Mild preeclampsia; SPE:
Severe preeclampsia; TBARS: thiobarbituric acid-reactive substances; NP-SH: non-protein thiol groups; P-SH:
protein thiol groups.

Table D: Correlations of 5-ALA-D activity and oxidative stress parameters in pregnant women with
preeclampsia.

Correlations Spearman r p

3-ALA-D versus TBARS erythrocytes -0.1797 0.2229
3-ALA-D versus TBARS plasma -0.3475 0.0116*
8-ALA-D versus NP-SH 0.3400 0.0240*
8-ALA-D versus P-SH 0.1570 0.2663
8-ALA-D versus Vitamin C 0.3524 0.0097*
8-ALA-D versus Catalase 0.3962 0.0152*

Correlation of data performed using Spearman correlation coefficient. *p <0.05 was considered statistically
significant for all analyses. 8-ALA-D: delta-aminolevulinate dehydratase enzyme; TBARS: thiobarbituric acid-
reactive substances; NP-SH: non-protein thiol groups; P-SH: protein thiol groups.
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Figure A: 5-ALA-D activity in pregnant women with and without preeclampsia. Data are presented as median
(interquartile range) and expressed in U/L. Statistically significant differences were determined by Kruskal-
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Wallis. *p<0.05 when compared to the control group. 5-ALA-D: delta-aminolevulinate dehydratase enzyme;
DTT: dithiothreitol; C: Control group; MPE: Mild preeclampsia; SPE: Severe preeclampsia.
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Figure B: Reactivation index of -ALA-D enzyme in pregnant women with and without preeclampsia. Data are
presented as median (interquartile range) and expressed in %. The statistically significant differences were
determined by Kruskal-Wallis. *p<0.05 when compared to the control group. C: Control group; MPE: Mild
preeclampsia; SPE: Severe preeclampsia.



65

4 DISCUSSAO

Durante a gestacdo ocorrem alteracGes fisioldgicas e anatémicas responsaveis por
mudancas no organismo da gestante, como alteracbes metabolicas, nos elementos humorais e
figurados do sangue, além das alteracfes hormonais (HILL; PICKINPAUGH, 2008). Além
disso, a gestacdo é uma condicdo caracterizada por um aumento no estresse oxidativo, porque
na placenta ha um grande ndmero de mitocondrias que consomem oXxigénio e,
consequentemente, aumentam a producdo de EROs (GITTO et al., 2009). Através dos
resultados obtidos no presente estudo foi possivel observar essas alteracdes tanto em gestantes
saudaveis quanto em gestantes com pré-eclampsia, no qual os niveis de estresse oxidativo
estdo aumentados e as defesas antioxidantes estdo diminuidas em gestantes sem
suplementacdo com ferro e em gestantes com pré-eclampsia, sendo demonstrado através do
aumento no nivel de TBARS, diminui¢do nos grupamentos tiois, vitamina C e na atividade
das enzimas catalase e 5-ALA-D.

A peroxidagéo lipidica é favorecida através da exposicdo das membranas celulares as
EROs, ocorrendo alteracbes nas propriedades fisicas e componentes das membranas,
favorecendo o dano celular e formagdo de produtos toxicos como o MDA, que pode ser
medido através da técnica de TBARS (DOTAN; LICHTENBERG; PINCHUK, 2004; LIMA;
ABDALLA, 2001). Devido a isso, a placenta € uma fonte consideravel de producdo de MDA
e conseqlientemente, a peroxidacdo lipidica esta aumentada durante a gestacdo quando
comparado a mulheres saudaveis, ndo gestantes (CHAMY et al., 2006; SHAKER; SADIK,
2013). Além disso, na pré-eclampsia os principais compostos gerados devido ao estresse
oxidativo sdo os originados durante a disfuncdo endotelial que estd envolvida na
fisiopatologia da doenca (DOTAN; LICHTENBERG; PINCHUK, 2004).

O baixo nivel dos grupamentos tidlicos, dos niveis de vitamina C e a diminuicdo na
atividade da catalase demonstrados no presente estudo, sugerem uma diminuicdo no sistema
antioxidante dessas gestantes. Os grupos tiois sdéo moléculas sensiveis aos danos oxidativos,
atuando através da quelacdo ou reducdo protegem as proteinas contra o estresse oxidativo,
aléem de atuarem na regulacdo da atividade de algumas enzimas (DA COSTA; DOS
SANTOS; LIMA, 2006; HU, 1994; YANG; GUAN, 2015). A vitamina C age como um
agente redutor, sendo utilizada para compensar os danos causados devido a radicais livres
como superéxido e hidroperoxidos, a fim de recuperar a homeostase materna, podendo assim,
estar diminuida durante a gestacdo e em outras patologias, como a pré-eclampsia (ATIBA et
al., 2014; HASSAN; ONU, 2006; SUHAIL et al., 2010). Somado a isso, a catalase ¢ uma
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enzima que faz parte do sistema antioxidante enzimatico e atua protegendo as células através
da degradacdo do peroxido de hidrogénio, sendo assim, ocorre o acumulo desse composto no
organismo quando ha uma reducdo na atividade dessa enzima (POLACHINI et al, 2015).
Devido a diminuicdo de todo esse sistema antioxidante, ha uma redugdo no combate as EROs,
favorecendo a peroxidacdo lipidica e assim, acaba ocorrendo alteragdes no desenvolvimento
da placenta (SAHAY et al., 2015).

A enzima 8-ALA-D é sugerida como um marcador de estresse oxidativo porque além
de atuar em conjunto com outros marcadores (POLACHINI et al, 2015), quando inibida, gera
0 acimulo do ALA, com efeitos pré-oxidantes, por sofrer a auto-oxidacdo em pH fisioldgico,
promovendo a formacdo de H,O,, O, e de radicais livres ALA, favorecendo a peroxidacéo
lipidica, danos oxidativos ao DNA e diminuicdo no sistema antioxidante (ADEMUYIWA et
al., 2007). Logo, pode haver um aumento no estresse oxidativo e diminui¢cdo do sistema
antioxidante nessas gestantes devido a inibicdo dessa enzima que foi observada no presente
estudo. Além da sua inibicdo, foi observado um aumento no indice de reativacdo dessa
enzima, estando mais oxidada nas gestantes sem suplementacdo com ferro e em gestantes com
pré-eclampsia, sugerindo o envolvimento dos grupos tidis no mecanismo de inibicéo.

A deficiéncia materna de ferro ou doses elevadas deste nutriente durante o periodo
gestacional pode provocar um agravamento no estado de estresse oxidativo (DEVRIM et al.,
2006), no entanto, de acordo com os resultados encontrados no presente estudo, indica que a
suplementacdo com ferro realizada de forma correta durante a gestacdo pode promover um
efeito protetor, sendo capaz de amenizar esse estado de estresse oxidativo. Alguns estudos
defendem que este elemento € capaz de interceptar radicais livres (BARREIROS; DAVID,
2006), além de melhorar o sistema hematolégico e o estresse oxidativo em gestantes
anémicas, com a diminuicao de alguns parametros de estresse oxidativo (HAN et al., 2011), o
que foi confirmado no presente estudo. Em contrapartida, quando ha uma suplementacéo de
ferro em excesso, ocorre uma maior quantidade de ferro livre na placenta, favorecendo o
estresse oxidativo, sendo uma condicdo que prejudica a invasdo trofoblastica e é promotora de
dano endotelial, podendo entdo, favorecer o desenvolvimento da pré-eclampsia (YOUNG;
LEVINE; KARUMANCHI, 2010).

Nossos resultados demonstram que ha uma perda no equilibrio entre a capacidade
antioxidante e a geracdo de EROs, sugerindo um perfil oxidativo maior durante a gestacdo,
sendo agravado na patologia da pré-eclampsia. 1sso pode ser observado através do aumento na
producdo de substancias oxidativas, diminuigdo nos niveis de antioxidantes e pela inibigdo da

atividade da enzima 5-ALA-D. Como essa enzima é muito sensivel em situacdes pro-
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oxidantes, a sua quantificacdo pode ser Util na avaliacdo de danos provocados pela gestacéo,
principalmente em gestantes com pré-eclampsia. Assim, pode-se indicar os parametros
estudados para o acompanhamento das gestantes, a fim de diminuir as morbidades e
mortalidades maternas e fetais, além de melhorar o crescimento e desenvolvimento fetal,

melhorando a qualidade de vida tanto da mée quanto do feto.
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5 CONCLUSOES

De acordo com os resultados apresentados nessa dissertagcdo, podemos inferir o
seguinte:

1) Os niveis de estresse oxidativo estdo aumentados em gestantes sem suplementacéao
com ferro e em gestantes com pré-eclampsia;

2) As defesas antioxidantes, como grupos tidlicos, vitamina C e catalase estdo
diminuidos em gestantes sem suplementacdo com ferro e em gestantes com pré-eclampsia;

3) A atividade da enzima 6-ALA-D esta inibida em gestantes sem suplementacdo com
ferro e em gestantes com pré-eclampsia, sendo que essa inibicdo pode provocar prejuizo na
sintese do grupamento heme, além de ocorrer um acumulo de substéncias com efeitos pro-
oxidantes;

4) O indice de reativacdo da enzima 6-ALA-D estd aumentado em amostras de
gestantes sem suplementacdo com ferro e em gestantes com pré-eclampsia, sugerindo que a
enzima é mais oxidavel nesses grupos de gestantes;

5) A relagdo da atividade da enzima 6-ALA-D com outros parametros de estresse
oxidativo em gestantes com pré-eclampsia, relata a eficiécia dessa enzima em demonstrar 0s

danos oxidativos causados pela patologia.
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