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ABSTRACT

RELATIONSHIPS AMONG MATERNAL SERUM URIC ACID IN MID-PREGNANCY,
MATERNAL BLOOD PRESSURE, FETAL GROWTH, AND PLACENTAL PATHOLOGY

By
Guoli Zhou

Gestational hypertension in mother and atypical fetal growth (very small or very large
infant) contribute to substantial adverse health and cost burden in society. In pregnant women,
high maternal serum uric acid has been related to increased risk of gestational hypertension and
poor fetal growth, but the association between low maternal serum uric acid and these health
outcomes has been ignored. In addition, there are no studies on the relationship between maternal
serum uric acid and placental pathology, a problem known to affect both maternal blood pressure
and fetal growth. In this study, we investigated whether there is a J-shaped association between
maternal serum uric acid in mid-pregnancy and three outcomes, mothers’ blood pressure, birth
weight for gestational age (Z-score), and placental pathology.

Our study data came from the Pregnancy Outcomes and Community Health (POUCH)
Study cohort, which consisted of 3,019 pregnant women enrolled in the 16th-27th week of
pregnancy from 52 clinics in Michigan during the period from August 1998 through June 2004.
We considered maternal serum uric acid level measured in blood collected at enrollment as a
continuous exposure variable and applied a linear spline with a multiple linear regression model
or a restricted cubic spline with a multinomial logistic regression model. The robustness of our
results was evaluated and assured by using bootstrap estimation of variance, sensitivity analysis,
and 10- or 5-fold cross-validation.

Our results demonstrated that there was a J-shaped relationship between maternal serum

uric acid in mid-pregnancy and gestational diastolic blood pressure (DBP) or mean arterial



pressure (MAP) in pregnant women. The breakpoints were 2.6 mg/dL (for DBP) and 2.7 mg/dL
(for MAP) of uric acid, respectively. By contrast, maternal systolic blood pressure (SBP)
followed a positive linear trend with uric acid level increase. We also found a J-shaped
relationship between birth weight Z-score and maternal serum uric acid in mid-pregnancy among
small-for-gestational age (SGA) infants (birth weight less than 10™ percentile for gestational
age); the breakpoint was 4.10 mg/dL. By contrast, in large-for-gestational age (LGA) infants
(birth weight more than 90" percentile for gestational age) we observed a positive linear
relationship between maternal serum uric acid and birth weight Z-score. Birth weight Z-score
was not associated with maternal serum uric acid in the appropriate-for-gestational age (AGA)
group (birth weight between 10" and 90™ percentile for gestational age). Finally, we found that
maternal serum uric acid concentration was associated with maternal vascular lesions in the
placenta; the relationship was non-linear. Uric acid levels were not associated with fetal vascular
lesions in the placenta.

We proposed that a common mechanism underlying our findings may be related to
oxidative stress that follows exceptionally low or high serum uric acid concentration. Our
findings may provide clues: 1) to guide the study of biological mechanisms underlying the non-
linear relationship between maternal serum uric acid and maternal blood pressure, atypical fetal
growth, and placental pathology; and 2) to allow researchers to consider maternal serum uric
acid in pregnancy as a marker along with other indicators to predict the progression and/or

severity of pregnancy-related health conditions or as a target for early intervention.
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CHAPTER 1: HYPOTHESIS AND SPECIFIC AIMS

Uric acid is an end product of purine metabolism and can be easily measured in serum or
urine in humans. Both high and low uric acid concentrations in blood have been associated with
many human diseases, as either a marker of disease progression or a potential etiological factor.
In pregnant women, high maternal serum uric acid has been related to gestational hypertension
and poor fetal growth, but the association between low maternal serum uric acid and these health
outcomes has been ignored. In addition, there are no published studies on the relationship
between maternal serum uric acid in pregnancy and placental vascular pathology. Our study
addresses these gaps.

We hypothesize that maternal serum uric acid in mid-pregnancy has a J-shaped
relationship with maternal blood pressure, atypical fetal growth (too small or too large), and
placental vascular pathology. Our long-term goal is to understand whether maternal serum uric
acid levels in pregnancy serve as an informative marker for predicting short-term (e.g., perinatal)
and long-term (e.g., later in life) health conditions in mothers and children, or as a possible
etiologic factor for targeted intervention. As a first step, we conducted analyses using data from
the Pregnancy Outcomes and Community Health (POUCH) Study in Michigan to examine
associations among maternal serum uric acid, maternal blood pressure, birthweight for
gestational age, and placental pathology.

Our Specific Aims are as follows:

1) To investigate whether there is a J-shaped relationship between maternal serum uric
acid in mid-pregnancy and maternal blood pressure. Our working hypothesis is that both low and
high maternal serum uric acid in pregnancy are related to the increased blood pressure in

pregnant women.



2) To explore whether there is a J-shaped relationship between maternal serum uric acid
in mid-pregnancy and birth weight Z-score. Our working hypothesis is that both low and high
maternal serum uric acid in pregnancy are related to extremes in birth weight Z-score.

3) To study whether maternal serum uric acid in pregnancy has a J-shaped relationship
with the risk of placental pathology. Our working hypothesis is that both low and high maternal
serum uric acid contribute to the increased risk of vascular lesions in placenta.

Completion of our aims would: 1) raise awareness for researchers about risks associated
with both high and low serum uric acid in pregnant women; 2) potentially help in reducing the
risks of pregnancy complications by using maternal serum uric acid in pregnancy as a predictor
or a target to guide an early intervention; and 3) provide epidemiological evidence to guide
and/or support the study of the complex uric acid-related mechanisms underlying adverse

pregnancy outcomes.



CHAPTER 2: BACKGROUND AND SIGNIFICANCE

2.1 Physical and chemical properties of uric acid as well as its measurement in human serum or
urine
Uric acid is a small and weak organic acid molecule with a pKa of 5.75, a molecular
weight of 168 Daltons, and a molecular formula of CsH4N4O3. Figure 2.1 shows its chemical

structure, a heterocyclic chemical compound.

O
N
NH
H N ©

Figure 2.1 Chemical structure of uric acid (UA).

Uric acid usually exists as monosodium urate at physiological pH value in blood and
urine (Musso et al., 2012). It can be clinically measured using a colorimetric method based on a
specific oxidization of uric acid by uricase into hydrogen peroxide and allantoin (Sanders et al.,
1980; Moss, 1980) with an analytical range of 0.5-12 mg/dL uric acid (CDC, 2001).
2.2 Significance of uric acid in human evolution

In most mammals (except humans and apes), uric acid is an intermediate product of
purine metabolism and further metabolized into allantoin by uricase (So & Thorens, 2010). In
contrast, in humans and apes, uric acid is an end product of purine metabolism due to the
mutation-induced silence of uricase during evolution (Oda et al., 2002). Consequently, humans
have an elevated uric acid in blood (typically 3.5-7.0 mg/dL), compared to other animals such as

mice (0.5-1.5 mg/dL) (Feig et al., 2006). It has been proposed that the elevated uric acid in blood
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might have evolutionary significance for humans in developing higher intelligence, maintaining
blood pressure in the age of low salt ingestion of human society, and increasing life expectancy
(Alvarez-Lario & Macarron-Vicente, 2010).
2.3 Uric acid metabolism and regulations

In humans, serum uric acid is generated in the catabolism of purine including adenosine
monophosphate (AMP), guanine monophosphate (GMP), and inosine monophosphate (IMP),
which are derived from diet (e.g., meat) and internal nucleotide turnover (Alvarez-Lario &
Macarron-Vicente, 2010). All purines can be converted into xanthine via a series of biochemical
reactions, followed by an oxidization to generate uric acid under the action of a key enzyme -
xanthine oxidase (Fang et al., 2013). There are two fates of serum uric acid: up to 90% of the
filtered urate is reabsorbed in nephrons and the rest excreted in urine (Alvarez-Lario &
Macarron-Vicente, 2011). Thus, diet, regulators of purine metabolic pathway (e.g., inhibitors of
xanthine oxidase), and kidney function are major factors to control the balance of uric acid in
blood in humans. In addition, genetics is also involved in changing serum uric acid levels. For
instance, URAT]1 gene (a human urate transporter 1 gene) mutations (Takahashi et al., 2005;
Ichida et al., 2008) and polymorphism (Iwai et al., 2004; Sebesta & Stiburkova, 2014) as well as
mutations of xanthine oxidoreductase (an enzyme catalyzing the conversion of hypoxanthine to
xanthine) (Ichida et al., 2012) were associated with hypouricemia.
2.4 High and low serum uric acid are separately associated with the risks of different health

outcomes

High serum uric acid, also called hyperuricemia, which is typically defined as a serum

uric acid concentration of > 7 mg/dL for men and > 5.7 mg/dL for women (CDC, 1996), has

been linked to gout (Lin et al., 2000; Choi et al., 2005; MacFarlane & Kim, 2014; Dalbeth &



Palmano, 2011; Levy et al., 2014), hypertension (Agarwal et al., 2013; Beattie et al., 2014),
cardiovascular disease (CVD) (Takayama et al., 2012; Gazi et al., 2014; Goicoechea et al.,
2015), metabolic syndrome (Oda, 2014), renal disease (Yen et al., 2009; Bakan et al., 2015;
Goicoechea et al., 2015), and pre-eclampsia (Williams and Galerneau, 2002; Wu et al., 2012; van
der Tuuk et al., 2015). The reported risk factors for hyperuricemia include: age, gender, race,
purine-rick foods and high protein intake, consumption of fructose and sugar sweetened soft
drinks, alcohol consumption, adiposity, and some medications such as diuretics and
postmenopausal hormone therapy (reviewed by Rho et al., 2011).

In contrast, low serum uric acid, also called hypouricemia, is usually defined as a serum
uric acid concentration of <2 mg/dL (Sebesta & Stiburkova, 2014). Evidence has shown that
low serum uric acid is associated with multiple sclerosis (MS) (Spitsin et al., 2001; Toncev et al.,
2002; Rentzos et al., 2006; Liu et al., 2012; Moccia et al., 2015a,b), Parkinson’s disease (PD) (de
Lau et al., 2005; Schlesinger & Schlesinger, 2008; Shen & Ji, 2013; Simon et al., 2014; Lolekha
et al., 2015), and Alzheimer’s disease (AD) (Kim et al., 2006; Kutzing, & Firestein, 2008; Lu et
al., 2016; Du et al., 2016). Hypouricemia can be caused by decreasing consumption of protein,
purines, and alcohol, reducing obesity, taking medications such as xanthine oxidase inhibitor and
URATTI transporter inhibitor (Kutzing & Firestein, 2008), as well as genetics (Takahashi et al.,
2005; Ichida et al., 2012; Sebesta & Stiburkova, 2014).

2.5 High and low serum uric acid are associated with the risk of a single health outcome, i.e., a J-
shaped relationship between serum uric acid and a health outcome:

Investigations have found that serum uric acid has a J-shaped association with age- and
gender-adjusted rates of CVD (myocardial infarction, stroke, unstable angina, congestive heart

failure, and deaths from all other CVD causes) in patients with mild-to-moderate hypertension in



New York (Alderman et al., 1999); with systolic blood pressure in a general population in Italy
(Verdecchia et al., 2000); with coronary heart disease mortality in non-insulin-dependent
diabetic elderly people in Italy (Mazza et al., 2007); and with stroke outcomes in Asian patients
with ischemic stroke (Seet et al., 2010).

A J-shaped association also exists between serum uric acid and kidney conditions. For
instance, in a J-shaped manner, serum uric acid has been associated with the all-cause mortality
in patients (18-70 years old) with chronic kidney disease (CKD) stage 5 starting renal
replacement therapy after adjusting for age, sex, glomerular filtration rate (GFR), cholesterol
level, phosphate level, inflammation, CVD, diabetes mellitus, diuretic use, and allopurinol use in
Sweden (Suliman et al., 2006); with the loss of kidney function in healthy males in Japan (Kanda
et al., 2015); and with the mortality in hemodialysis patients in Taiwan (Hsu et al., 2004).

2.6 Anti-oxidant and pro-oxidant properties of uric acid

Uric acid is an important antioxidant in blood. Studies have shown that there is an inverse
association between blood urate and PD risk (Davis et al., 1996; De Lau et al., 2005; Weisskopf
et al., 2007; Chen et al., 2009) whereas PD patients have a decreased antioxidant enzyme activity
(Fahn & Cohen, 1992) and increased oxidative stress (OS) biomarkers (Yoritaka et al., 1996;
Danielson & Andersen, 2008), suggesting that there might be connections among blood urate,
PD risk, and oxidative stress. A direct link between plasma urate and plasma antioxidant capacity
can be found in healthy lowland individuals who were exposed to high altitude hypoxia (Baillie
et al., 2007). Studies also demonstrated that thioredoxin-1 (an antioxidant) and serum uric acid
correlated significantly and positively whereas thioredoxin-1 and oxidative stress index
correlated significantly and negatively (Nakatsukasa et al., 2013). A more recent study has

shown that obese individuals with high serum uric acid had 20-90% greater systemic



nonenzymatic antioxidant capacity and 30% lower oxidative stress markers than those
individuals with normal serum uric acid; furthermore, an acute reduction of serum uric acid
contributed a 45-95% decrease in nonenzymatic antioxidant capacity and a 25-40% increase in
the levels of systemic oxidative stress markers in these obese individuals (Fabbrini et al., 2014).

On the other hand, in vitro studies have shown that uric acid can induce oxidative stress,
i.e., functioning as a pro-oxidant, in adipocytes (Sautin et al., 2007), vascular smooth muscle
cells (Corry et al., 2008), and hepatocytes (Lanaspa et al., 2012). Intake of fructose induced
intracellular uric acid generation and further caused mitochondrial oxidative stress in hepatocytes
(Lanaspa, et al., 2012; Johnson et al., 2013). In pre-eclamptic (PE) women (n=30), serum uric
acid (6.1 versus 2.8 mg/dL) as well as endogenous O™ (2.2 versus 1.6 nM), H,O (1.8 versus 1.4
nM) and tumor necrosis factor-alpha (TNF-a) (91.6 versus 40.4 pg/mL) released from
monocytes were significantly higher than in normotensive pregnant women (n=30) in the last
trimester of pregnancy (P < 0.05). Superoxide dismutase (SOD) activity in erythrocytes was also
significantly elevated in the PE group (5969.2 versus 4834.7 U/g Hemoglobin (Hb)) (Peracoli et
al., 2011). A community-based study in Colorado with 107 healthy adult participants (20~78
years old) revealed that higher serum uric acid is inversely associated with the expression of
manganese superoxide dismutase (MnSOD), an enzyme located in mitochondria and protecting
mitochondria from oxidative damage (Li & Zhou, 2011), in endothelial cells (r =-0.5, P = 0.01,
n=25) (Jalal et al., 2012).

The anti-oxidant and pro-oxidant properties of uric acid might be related to extracellular
or intracellular action site of uric acid, acute or chronic change of uric acid level, tissue or cell
types, as well as certain subgroups of population such as individuals exposed to hypoxia, obese

people, PD patients, PE women, or people with the intake of dietary fructose.



2.7 Health burdens of gestational hypertension (GH), atypical fetal growth (infant too small or
too large for gestational age), and placental pathology

The age-adjusted incidence rate of GH was from 10.8 in 1988 to 29.7 in 2004 per 1,000
deliveries in the US (Wallis et al., 2008). GH comprising hypertension with and without
proteinuria increased from 3.0% in 1990 to 3.9% in 2004 in the US and has been associated with
increased risk of stillbirth, pre-eclampsia, preterm delivery, small-for-gestational-age birth, and
maternal and/or neonatal mortality (Ananth et al., 1995; Zhang et al., 2003; Xiong et al., 2007,
Ananth and Basso, 2010; Backes et al., 2011; Seyom et al., 2015). High blood pressure during
pregnancy has been related to increased risk of women’s later chronic kidney disease and
diabetes mellitus (Mannisto et al., 2013) as well as cardiovascular disease (Mannisto et al., 2013;
Tooher et al., 2013).

The prevalence of fetal macrosomia (defined as a neonate with a birth weight above 4.0
kg) was estimated as 7% of all births in developed countries (Campbell, 2014). Large-for-
gestational age (LGA) birth has been associated with increased risk of caesarean sections (Ng et
al., 2010). Intrauterine growth restriction (IUGR) (the estimated fetal weight is below the 10th
percentile) is a major contributor to low birth weight (LBW) when LBW incidence is higher than
10% (Villar and Belizan, 1982). In developing countries, [IUGR prevalence was about 24%; in
developed countries including the US, about one-third of small-for-gestational age (SGA) births
were the result of [UGR (Saleem et al., 2011). IUGR has been related to increased risk of
stillbirth, premature birth, neonatal morbidity (e.g., necrotizing enterocolitis (NEC)), low Apgar
score, hypoxic brain injury, and long-term sequelae (Cosmi et al., 2011).

The percentages of maternal and fetal vascular lesions in placenta with the gestational

hypertension (n=64) were 60.9% and 9.4%, respectively, in Israel (Kovo et al., 2010). Placental



lesions are not only one of the main causes of fetal death, but also associated with neonatal
morbidity including low Apgar score, neonatal infection, NEC, respiratory distress, asphyxia,
and neurological impairments such as hearing loss and neonatal encephalopathy (Roescher et al.,

2014).

Fetal Growth

Placentation |« Maternal BP

Figure 2.2 A directed acyclic graph (DAG) to indicate associations among gestational
hypertension, fetal growth, and placentation. Note: BP=Blood Pressure.

Figure 2.2 is a directed acyclic graph (DAG) to indicate associations among gestational
hypertension, fetal growth, and placentation, which have been well established. In this DAG,
these three outcomes are represented in an interactive triad. Gestational hypertension is
associated with placental vascular pathology (Jain et al., 2007; Furuya et al., 2008; Krielessi et
al., 2012; Salmani et al., 2014; Nahar et al., 2015) and fetal growth restriction (Xiong and Fraser,
2004; Jain et al., 2007; Nahar et al., 2015). Placentation influences fetal growth by mediating the
effects of maternal pre-pregnancy obesity, gestational diabetes (GDM), and excessive gestational
weight gain (GWG) (Ouyang et al., 2013) and interrupting nutrient transfer from mother to fetus
through placental vasculopathy (Krishna and Bhalerao, 2011; Vedmedovska et al., 2011; Mifsud
and Sebire, 2014). Maternal vascular lesions in the placenta are found more frequently in
placentae of SGA infants (Althabe et al., 1985) and in women with pre-eclampsia (Ghidini et al.,
1997). In addition, fetal overgrowth has been associated with the increased risk of maternal
morbidity and mortality (Koyanagi et al., 2013) and abnormal placental growth and transport

function (Jansson et al., 2006).



2.8 Literature review on relationships among maternal serum uric acid in pregnancy, maternal
blood pressure, fetal growth, and placental pathology as well as research gaps

In general population, high serum uric acid has been consistently associated with
hypertension. For instance, a systematic review and random-effects meta-analysis demonstrated
that hyperuricemia