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Abstract 

Preeclampsia is a vascular pregnancy disorder that often involves impaired placental development. 

Heme oxygenase 1 (HO-1, encoded by HMOX1) is a stress response enzyme crucial for endothelial 

and placental function. Long version of the guanine-thymine (GTn) microsatellite in the HMOX1 

promoter decreases HO-1 expression, and the long maternal repeat is associated with late-onset 

preeclampsia. Our aim was to study whether the length of fetal repeat is associated with mother’s 

preeclampsia, whether the length of fetal and maternal repeats affect HO-1 levels in placenta and/or 

maternal serum, and whether HO-1 levels are altered in preeclampsia. We genotyped the repeat in 

the cord blood of 609 preeclamptic and 745 non-preeclamptic neonates. HO-1 levels were measured 

in 36 placental samples, and in the first (222 cases/243 controls) and third (176 cases/53 controls) 

pregnancy trimester serum using enzyme-linked immunosorbent assay. The long fetal GTn allele was 

associated with preeclampsia and its early-onset form, and the long genotype with preeclampsia and 

its severe and early-onset subtypes. Interaction analysis suggested the maternal and fetal effects to be 

independent. Placental or serum HO-1 levels were not altered in preeclamptics, possibly reflecting 

heterogeneity of preeclampsia. Carriers of the long fetal and maternal repeats had lower placental and 

serum HO-1 levels, respectively, providing functional evidence for the association. We conclude that 

the long fetal GTn repeat may increase mother’s risk for especially severe and early-onset 

preeclampsia. The fetal and maternal risk alleles likely predispose to different disease subtypes. 

Key Words: Heme oxygenase 1, preeclampsia, candidate gene study, serum, placenta, pregnancy 

disorder 
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Introduction 

Preeclampsia is a common (3-5% of pregnancies) pregnancy-specific vascular disorder characterised 

by hypertension and proteinuria. The disease is a major cause of maternal and perinatal mortality and 

morbidity.1 The exact pathogenesis of preeclampsia remains elusive, but the disease often involves 

impaired placental development accompanied by release of placental material, such as antiangiogenic 

factors,2 into maternal circulation. This is believed to trigger systemic endothelial dysfunction and 

inflammation that manifest as various types of maternal end-organ injury and symptoms. Genetic 

factors contribute to the disease susceptibility,3,4 but are still largely unknown. 

 

Heme oxygenase 1 (HO-1), encoded by the HMOX1 gene, is a highly inducible and ubiquitously 

expressed enzyme that degrades heme into carbon monoxide (CO), free iron and biliverdin.5 

Byproducts of the reaction mediate antioxidant, anti-inflammatory, vasodilatory and angiogenic 

functions which explain the protective effects of the enzyme (reviewed in6). In mice, lack of HO-1 

negatively affects placental development and fetal viability, and causes preeclampsia-like symptoms 

in dams.7-9 

 

The promoter region of HMOX1 contains a guanine-thymine (GT) microsatellite repeat, the short 

version of which is associated with higher HMOX1 expression compared with the long version.10-13 

The long repeat has previously shown association with cardio-metabolic diseases,10,14 and we have 

found the long maternal repeat (>25 repeats) to be associated with late-onset, less severe 

preeclampsia.15 
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Considering the crucial role of HO-1 in placental development, we set out to study whether the length 

of fetal GTn repeat could affect maternal preeclampsia risk. Additionally, our aims were to study 

whether the previously identified association between the long maternal repeat and preeclampsia 

would manifest as lower serum levels of HO-1 in preeclamptic women, and whether the carriers of 

the long repeat would have decreased levels of HO-1 in the placenta and maternal serum. 

 

Methods 

 

The data that support the findings of this study are available from the corresponding author upon 

reasonable request. 

 

Study participants 

The study participants were selected from the Finnish Genetics of Preeclampsia Consortium 

(FINNPEC) cohort.16 The study sample for genotyping consisted of cord blood from 1354 neonates 

(609 preeclamptic and 745 non-preeclamptic pregnancies). The maternal GTn genotype was available 

for 1538 women previously genotyped (759 preeclamptic and 779 non-preeclamptic).15 There were 

451 preeclamptic (320 severe/131 non-severe preeclampsia; 90 early-onset/361 late-onset 

preeclampsia) and 672 non-preeclamptic previously genotyped women whose neonate was genotyped 

in the present study. 

 

The total number of neonates in the FINNPEC cohort with placental sample and fetal GTn genotype 

information available was 111, and 36 of the samples were selected for measuring placental HO-1. 

All the available samples with at least one long fetal allele (>33 repeats) were selected (n=9). 
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Furthermore, a comparison group including samples with no long fetal repeats present (n=27) was 

selected, matching as closely as possible for gestational age, method of delivery, preeclampsia status 

and delay from detachment of placenta to sampling. Twenty-four of the samples were from 

preeclamptic and 12 from non-pre-eclamptic pregnancies. Maternal genotype was available for 31 of 

the samples. 

 

Serum samples were collected from a subcohort of the FINNPEC participants from the Hospital 

District of Helsinki and Uusimaa. HO-1 serum concentration was measured in 465 I trimester (222 

preeclamptic and 243 non-preeclamptic women) and in 229 III trimester samples (176 preeclamptic 

and 53 non-preeclamptic women). The same samples were utilized to measure serum concentrations 

of soluble endoglin (sEng), soluble fms-like tyrosine kinase-1 (sFlt-1) (n III trimester = 228) and placental 

growth factor (PlGF) (n I trimester = 464; n III trimester = 228). The I trimester samples were collected 

between the 11th and 16th weeks of gestation. Of these samples, 89.9% were collected within the 12th 

and 13th weeks of gestation, and 6.5% in the 14th week. The III trimester samples were collected 

between the 24th and 43rd weeks of gestation, mostly close to delivery (16.6% on the day of delivery, 

27.1% one day before delivery, and further 35.8% between 2 and 7 days prior to delivery). One 

sample was collected two days after delivery. Four (1.7%) of these late pregnancy samples were 

collected prior to the 28th weeks of gestation, but as majority of the samples were collected within the 

III trimester this sample set is denoted as the III trimester samples (range 23.9-42.3 weeks, median 

37.1, quartiles 34.0/38.9). Both the I and III trimester serum measurements were available for 108 

women (83 preeclamptic and 25 non-preeclamptic). 

 

Clinical definitions of preeclampsia and other end-points, genotyping as well as serum and placenta 

collection and measurements are described in Supplementary Methods. 
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All study participants and the participating parents of the neonates provided a written informed 

consent. The coordinating Ethics Committee of the Hospital District of Helsinki and Uusimaa 

approved the study protocol, and the study was carried out in accordance with the institutional 

guidelines. 

 

Statistical methods 

Using the Genetic Power Calculator,17 a sample size of 599 preeclamptic neonates was estimated to 

be sufficient to detect relative risks of 1.32 and 1.61 for the short-long (SL) and long-long (LL) 

genotypes, respectively, with power of 0.80 when α<0.05 assuming preeclampsia prevalence of 5% 

and a risk allele frequency of 0.65.15 

 

The Hardy-Weinberg equilibrium was tested with Genepop 4.2.18,19 Allelic and genotypic association 

of the GTn microsatellite with preeclampsia and its subtypes were tested using chi square test and 

binary logistic regression, respectively. Interaction between the maternal and fetal GTn microsatellite 

was studied using the --interaction option in logistic regression model in the PLINK software 

(V.1.07).20 Interaction was studied in preeclampsia and its subtypes. The effect of fetal genotype on 

birth weight normalized for sex and gestational age21 was studied using linear regression. Additive, 

recessive and dominant models were used in all genotypic analyses, and all genetic analysis were 

performed in PLINK (V.1.07). 
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As the serum measurement data were not normally distributed, non-parametric tests or log10 

transformed data were applied in the analyses. Effects of the GTn genotype on placental and maternal 

serum HO-1 concentrations were studied with Mann-Whitney and Kruskal-Wallis tests, respectively. 

Difference between the I and III trimester serum HO-1 levels was tested with Wilcoxon signed-rank 

test. Difference in ∆HO-1 (the III trimester serum HO-1 – the I trimester serum HO-1) between the 

cases and controls was tested using Mann-Whitney test. Relationships between HO-1 concentration 

and categorical and continuous variables were studied with Mann-Whitney test and Spearman’s 

correlation, respectively. Correlations with maternal serum HO-1 levels were controlled for body 

mass index (BMI). Stepwise linear regression was performed to further study the effect of the GTn 

repeat length and several clinical variables on the I and III trimester log10 transformed HO-1 serum 

levels. Data on the clinical variables included in the regression model were available for 333 and 173 

samples in the I and III trimester, respectively. Full list of the variables included in the analyses can 

be found in Supplementary Methods. For all statistical tests, a p value <0.05 was considered 

statistically significant. The statistical analyses were conducted with the IBM SPSS statistics 20 

software (IBM Corp) and R (3.2.2)22 unless mentioned otherwise, and the data were visualized using 

ggplot2 (2.1.0)23 and UpSetR (1.3.0)24 packages in R (3.2.2).22 

 

Results 

Background characteristics of the study population 

Maternal and perinatal characteristics of the neonates genotyped are presented in Table S1. The 

women genotyped for the GTn repeat have been described previously.15 Background characteristics 

of the women with the HO-1 placental and serum measurements available are shown in Tables S2 

and S3, respectively. Intersection of the samples successfully genotyped and/or measured for serum 

HO-1 concentration is presented in Figure 1. 
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Allele frequencies of the fetal GTn repeat polymorphism 

Distribution of the fetal GTn repeat lengths ranged from 17 to 42 repeats, the most frequent alleles 

being 30 (46.5%) and 23 (17.8%) (Figure S1). We analyzed the association of fetal GTn repeat alleles 

and genotypes with preeclampsia using the allele categories short (S≤25 repeats) and long (L>25 

repeats). Genotypes of the GTn microsatellite were in Hardy-Weinberg equilibrium in the control 

group. In addition to the biallelic classes, more subtly defined allele classes S<27, medium (M)=27-

33, L>33 were used in the analyses exploring the effect of genotype on placental and maternal serum 

HO-1 concentrations.12 

 

The long fetal GTn repeat is associated with preeclampsia, and its severe and early-onset subtypes 

The fetal L allele of the GTn repeat as well as the fetal long genotype (dominant and additive models) 

were associated with mother’s preeclampsia when all the samples were included in the analyses 

(Table 1).  

 

When association between the GTn repeat and subtypes of preeclampsia was tested, the long genotype 

(dominant model) were associated with severe preeclampsia. The L allele and the long genotype 

(additive model) were also associated with early-onset preeclampsia (Table 1). The long fetal repeat 

was not associated with relative birth weight. 

 

We tested interaction between the maternal and fetal GTn genotypes to see whether the fetal genotype 

would alter the effect of maternal genotype on the risk of preeclampsia and its subtypes, but did not 

find any evidence of such an interaction. 
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Neonates carrying the long GTn allele (>33 repeats) have decreased placental HO-1 levels  

To gain functional evidence of the effects of the GTn repeat length on placental HO-1 levels, we 

compared HO-1 protein concentrations between the placentas of neonates carrying at least one long 

allele (>33 repeats) and the placentas of neonates with no such alleles. HO-1 levels were significantly 

lower in the long allele group compared to the short allele group, with very little overlap between the 

groups (Figure 2a). No difference in HO-1 levels was found between the pre-eclamptic and non-pre-

eclamptic placentas. We also tested the relationship between placental HO-1 levels and maternal 

genotype as well as several phenotypes (maternal age, BMI, maximal blood pressure, proteinuria, 

parity, method of delivery, fetal sex, birth weight, placental weight, gestational age and delay between 

delivery and sampling), but did not observe any connection between HO-1 levels and these variables. 

However, as our sample size for the latter analyses was relatively modest, we cannot exclude the 

existence of more subtle effects of these factors on HO-1 levels. We can nevertheless conclude that 

none of the variables appears to have an effect comparable to that of the fetal genotype. 

 

Women carrying the long GTn allele (>33 repeats) have decreased HO-1 serum levels during 

pregnancy 

The effects of maternal and fetal GTn repeat lengths on maternal I and III trimester HO-1 serum 

concentrations were first tested using the genotype groups formed based on two allele classes S (≤25) 

and L (>25). In these analyses, no differences in maternal HO-1 serum concentrations were observed 

between the maternal or fetal SS, SL and LL genotype groups. 
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Next, we studied the effect of maternal and fetal genotypes on serum HO-1 concentrations using more 

subtly defined genotype classes (SS, SM, SL, MM, ML+LL; S<27, M=27-33, L>33).12 In these 

analyses, serum concentrations differed between the maternal genotype classes (Figures 2b and 2c). 

HO-1 concentration in women with the genotype ML was lower than in women with the genotype 

SS, SM or MM, both in the I and III trimester. (No maternal LL genotypes with serum sample were 

available.) In accordance with these results, there was a positive correlation between the I and III 

trimester HO-1 concentrations (ρ=0.282, p=0.003, BMI controlled ρ=0.270, p=0.005) (Figure 2d).  

 

When the effect of similarly defined fetal GTn genotype on maternal serum HO-1 concentration was 

examined, no differences between the genotype classes were found, showing that the fetal genotype 

does not significantly affect maternal HO-1 serum concentration. Genotype frequencies in the 

maternal and fetal samples for which maternal I or III trimester HO-1 serum measurements were 

available are shown in Table S4. 

 

HO-1 serum level is not altered in preeclampsia 

No statistically significant differences were found in the I or III trimester HO-1 serum levels between 

the preeclamptic and non-preeclamptic women when all the cases were included in the analysis, or 

when subtypes of preeclampsia were analyzed against the controls. There was, however, a modest 

positive correlation between the I trimester serum concentrations of HO-1 and the preeclampsia 

marker sEng (ρ=0.152, p=0.001) (Figure S2a). Also, the III trimester HO-1 correlated modestly with 

the sFlt-1/PlGF ratio, which is often increased in preeclamptic women already before the onset of the 

disease (ρ=0.153, p=0.021) (Figure S2b). The correlation with sEng weakened after controlling for 

BMI (I trim sEng ρ=0.118, p=0.011; III trim sFlt-1/PlGF ρ=0.151, p=0.023). After controlling for 
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BMI, there was also a modest negative correlation between the III trimester PlGF and HO-1 levels 

(ρ=-0.140, p=0.034). 

 

HO-1 serum level decreases towards the end of gestation 

HO-1 serum concentration was lower in the III trimester compared to the I trimester (p=3.05x10-13 

(Figures 3a and 3b). The III trimester HO-1 level was lower in 82.4% of the total samples, in 81.9% 

of the cases, and in 84.0% of the controls. There was no statistically significant difference in ∆HO-1 

between the cases and controls. 

 

Several factors affect HO-1 serum concentration 

The I and III trimester HO-1 levels were lower in the group of obese women compared to the women 

with BMI under 30 kg/m2 (I trim p=6.3x10-5, III trim p=0.032) and BMI as a continuous variable was 

negatively correlated with the I trimester HO-1 level (ρ=-0.200, p=1.4x10-5) (S3a, b and c). The I 

trimester HO-1 concentration was reduced in women with chronic hypertension compared to women 

with no chronic hypertension diagnosis (p=0.007), and there was a modest negative correlation 

between the I trimester HO-1 concentration and maximal systolic (ρ=-0.093, p=0.045) and diastolic 

(ρ=-0.101, p=0.029) blood pressure measurements. These correlations, however, disappeared after 

controlling for BMI (systolic ρ=-0.065, p=0.161; diastolic ρ=-0.065, p=0.163). 

 

The III trimester HO-1 level correlated positively with age (ρ=0.219, p=0.001; BMI corrected 

ρ=0.224, p=0.001) (Figure S4a) and negatively with neonate’s birth weight (ρ=-0.159, p=0.016; BMI 

corrected ρ=-0.159, p=0.016) (Figure S4b). Both the I and III trimester HO-1 levels were lower in 
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women who smoked during pregnancy compared to those who did not smoke (I trim p=0.040, III 

trim p=0.032) (Figures S4c and S4d). 

 

Results from the stepwise linear regression analysis are in line with the rest of the analyses 

(standardized β and p value shown). In the I trimester, significant variables included in the model 

were BMI (β=-0.237, p=8.0x10-6), the maternal GTn genotype (L>33; ML/LL=1, other genotypes=0) 

(β=-0.171, p=0.001), and type 1 or 2 diabetes (β=0.147, p=0.005), explaining altogether 10.2% of the 

variance in the I trimester HO-1 levels (Table S5). The results were similar when four samples with 

residuals ≥3 or ≤-3 were excluded (r2=0.114). In the III trimester, the maternal GTn genotype (β=-

0.323, p=8.0x10-6), smoking during pregnancy (β=-0.178, p=0.013), BMI (β=-0.170, p=0.016) and 

the III trimester serum sampling time (gestational week + day) (β=-0.138, p=0.049) explained 

altogether 20.5% of the variance in HO-1 serum levels (Table S5). When three samples with residuals 

≥3 or ≤-3 were excluded, the produced model included the maternal GTn genotype (β=-0.266, 

p=2.3x10-4), smoking during pregnancy (β=-0.231, p=0.002), gestational age at delivery (β=-0.164, 

p=0.021) and maternal age (β=0.141, p=0.050) (model r2=0.200). Based on these observations, 

several variables seem to affect serum HO-1 levels in the III trimester, the most influential ones being 

the maternal GTn genotype and smoking during pregnancy. 

 

Discussion 

In the present study, we found an association between preeclampsia and the long fetal GTn repeat 

located in the promoter of HMOX1. The fetal repeat seems to be associated especially with the severe 

and early-onset subtypes of the disease. We also showed that the length of the repeat is one of the 
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most significant factors affecting HO-1 levels in placenta and maternal serum during pregnancy, 

providing support for the causativity of the microsatellite. 

 

To our knowledge, this is the first study to investigate the association of fetal HMOX1 GTn 

microsatellite polymorphism with preeclampsia, and to explore the effect of GTn repeat length on 

HO-1 levels in placenta and maternal serum during pregnancy. Our sample size for measuring serum 

HO-1 in preeclampsia case-control sample is larger than in any of the previously published studies.25-

27 Further strengths of the study include the availability of maternal and neonate DNA, placental and 

I and III trimester serum samples as well as extensive clinical information. The diagnosis of 

preeclampsia and all subtypes were ascertained based on medical records and verified independently 

by a research nurse and a study physician. Limitations of the study include the variance in gestational 

age at the time of III trimester serum sampling. As a result, the III trimester serum samples in the 

cases and controls were collected at somewhat differing gestational ages. Also, samples were not 

available for all the mother-fetus pairs. Although many studies have reported strong relationship 

between HO activity and HO-1 mRNA/protein concentration,13,28 it is important to note that the 

observed increase in protein concentration does not necessarily translate into enhanced enzymatic 

HO activity. We were not able to assess HO activity in our serum or placental samples due to the 

extended storage period of the samples. Finally, the p values presented in the manuscript are nominal 

and further studies will be needed to validate our results. 

 

It has previously been shown that the long GTn repeat in the HMOX1 promoter reduces transcriptional 

activity of the gene and leads to reduced level of HO-1 expression.10-13 Although the functional 

mechanism remains unknown, the repeat has been shown to form Z-DNA structure,29 a conformation 

that can either activate or repress transcription in a promoter-specific manner.30 Our study is the first 
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to show the effect of the long GTn repeat in the placenta and during the altered metabolic state of 

pregnancy. We show that the fetuses possessing at least one copy of the long GTn repeat have 

significantly reduced placental HO-1 levels compared to the fetuses with no long repeats. This 

observation and the association of the long fetal genotype with preeclampsia together suggests that 

the long fetal allele might reduce capacity to upregulate placental HO-1 expression during placental 

development. This is conceptually in line with the long fetal repeat associating with severe and early-

onset preeclampsia, which often involve placental impairment. This association was not, however, 

reflected in fetal growth measured by relative birth weight. Furthermore, no difference in placental 

HO-1 levels was seen between preeclamptic and normal placentas, which might be explained by the 

phenotypic and etiologic heterogeneity of preeclampsia as well as the complexity of HO-1 pathway 

regulation. The latter observation is in accordance with the findings by Tong et al.: this study with 

the largest sample size thus far found no difference in placental HO-1 mRNA expression between 

preterm preeclamptic and gestational age-matched controls assessed in the study, or in silico 

microarray analysis.31 Sufficient HO-1 expression is nevertheless essential for placental development 

and function. As in our work, previous studies in the human placenta have mostly been performed in 

tissue collected after birth. However, experimental mouse studies have provided insight into earlier 

stages of placental development. Cross-breeding heterozygous HO-1 knock-out mice leads to smaller 

litter size, dramatically reduced birth rate of homozygous knock-out offspring, reduced placental and 

fetal growth, morphological changes in placenta, impaired spiral artery remodeling, lower number of 

uterine natural killer cells and elevated maternal diastolic blood pressure and plasma sFlt-1 levels.7-9 

Also a case report of a child with no functioning HMOX1 gene provides anecdotal evidence, as the 

child’s mother, who had only one functioning copy of HMOX1, experienced two fetal deaths in her 

pregnancies.32  
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Analogic to the long fetal repeat associating with lower placental HO-1 concentration, we observed 

reduced serum HO-1 levels during pregnancy in women with the long repeat. Our results also 

demonstrate that the fetal genotype does not affect maternal serum HO-1 concentration, leading us to 

conclude that serum HO-1 during pregnancy is mostly of maternal, instead of placental origin. This 

is in agreement with the previously observed association of maternal long GTn repeat and late-onset, 

less severe preeclampsia, and provides further support for the hypothesis that the long repeat 

predisposes women to pregnancy-induced endothelial dysfunction via decrease in HO-1 inducibility. 

The present study also suggests that the genetic predisposition may be exacerbated through other 

mechanisms (e.g. obesity) that reduce HO-1 levels and/or impair endothelial function during 

pregnancy, making a pregnant woman less capable of responding to pregnancy-induced metabolic 

stress. Known connections between cardiometabolic diseases and preeclampsia,33-35 as well as 

between these diseases and the long GTn repeat10,14 are in line with these hypotheses. As we did not 

find any evidence of interaction between the maternal and fetal genotypes, our results suggest that 

they might have independent effects, and predispose to separate subtypes of the disease, possibly via 

different mechanisms. 

 

HO-1 is a highly inducible protective enzyme whose expression and activity are elevated by multiple 

factors such as hypoxia, reactive oxygen species, shear stress, growth factors and certain drugs such 

as aspirin and statins. Our study is the first to measure HO-1 serum level at two time points of 

pregnancy, and interestingly, we found that HO-1 level decreases as pregnancy progresses. Our 

results also demonstrate that HO-1 serum level is negatively related to BMI and smoking during 

pregnancy and might be negatively related to neonate’s birth weight and positively related to age and 

diabetes. Previous research is in agreement with some but not all of these observations. In obese 

children, elevated serum HO-1 levels have been reported.36 Cigarette smoke has been shown to 

decrease HO-1 levels in umbilical vein endothelial cells,37 but to induce HO-1 expression in 
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trophoblast cells,38 suggesting that the effects might be tissue-specific. Oxidative stress produced by 

smoking results in repression of the NF-E2-related factor 2/antioxidant responsive element 

(Nrf2/ARE) pathway, a known inducer for HO-1, and might explain reduced serum HO-1 level in 

smokers.37 As neonate’s birth weight, and gestational age at delivery and at the III trimester serum 

sampling are correlated, we could not distinguish whether the observed negative relationships 

between these factors and the III trimester serum levels are due to decrease in HO-1 expression 

towards the end of gestation, a response to impaired fetal growth, or both. 

 

Keeping in mind the complex regulation of HO-1 expression and activity, it is hardly surprising that 

we did not observe any difference in HO-1 serum levels between the preeclamptic cases and controls. 

This is in agreement with a study by Karthikeyan et al.39, which found no connection between serum 

HO-1 level and pregnancy hypertension. However, a few other studies with smaller sample sizes have 

demonstrated elevated serum HO-1 levels in preeclampsia.25-27 Although HO-1 levels were not 

altered in preeclampsia in the present study, we found a modest positive correlation between the III 

trimester HO-1 concentration and the sFlt-1/PlGF ratio, which is higher in preeclampsia already 

before the onset of the disease.2,40 HO-1 levels also modestly correlated with sEng levels in the I 

trimester. These results suggest that HO-1 might be upregulated in response to endothelial 

dysfunction. Literature on the relationship between HO-1 and antiangiogenic factors is contradictory. 

It was previously shown that HO-1 inhibits the release of sFlt-1 and sEng in endothelial cells and 

placental villous explants, and that mice lacking HO-1 produce elevated levels of these molecules.41 

However, a recent paper concluded that HO-1 does not negatively regulate placental sFlt-1 and sEng 

secretion in placental or endothelial cells.31 Our inability to find a connection between serum or 

placental HO-1 concentrations and preeclampsia does not exclude the relevance of highly-inducible 

HO-1 in the heterogeneous and multifactorial pathogenesis of this disease. However, our findings 

suggest that HO-1 has no potential as a diagnostic marker for preeclampsia. 
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Considering all our observations together, we hypothesize that predisposition to develop 

preeclampsia may be affected by genetic and environmental mechanisms contributing to reduced 

maternal and/or placental HO-1 during pregnancy. A combination of maternal less-inducible allele 

and preexisting risk factors, such as obesity, may lead to relative insufficiency of protective pathways 

and inadequate adaptation to pregnancy-associated metabolic and hemodynamic stress. In contrast, a 

less-inducible fetal allele could increase the risk for early-onset, severe preeclampsia through 

insufficient placental tissue-protective mechanisms, impaired vascularization and endothelial 

dysfunction. 

 

Perspective 

We have now shown that both the fetal and maternal long GTn repeats in the promoter of HMOX1 

are associated with preeclampsia. The fetal long repeat seems to increase the risk for early-onset, 

severe preeclampsia whereas the maternal long repeat is associated with milder, late-onset 

preeclampsia. To our knowledge, this study is among the first to show that the same variant might 

increase preeclampsia risk both via fetal and maternal genome, likely through independent 

mechanisms. Our results also demonstrate that the length of the fetal repeat significantly affects levels 

of placental HO-1, whereas maternal repeat affects HO-1 serum levels during pregnancy. These 

observations are consistent with fetal and maternal variants associating with different disease 

subtypes, and strengthen the hypothesis of the polymorphism as a causal variant in preeclampsia risk. 
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Novelty and Significance:  

1) What Is New?  

 This is the first study to investigate association of the fetal GTn microsatellite in the promoter 

of HMOX1 with preeclampsia, and to explore effects of the repeat on HO-1 levels in placenta 

and in serum during pregnancy. 

 We found the long fetal GTn repeat to be associated with mother’s preeclampsia, and 

especially with the severe, early-onset subtypes of the disease.  

 Neonates carrying the long fetal GTn allele have decreased placental HO-1 levels, and women 

carrying the long GTn allele have decreased serum HO-1 levels during pregnancy. 

 Serum HO-1 level decreases towards the end of gestation. 

 

2) What Is Relevant? 

 Both the maternal and fetal long GTn repeats are associated with preeclampsia, likely 

independently of each other. The long fetal repeat decreases placental and the long maternal 

repeat serum HO-1 levels. Placental or serum HO-1 levels are not altered in placentas or serum 

of preeclamptic women. Several clinical factors affect serum HO-1 levels during pregnancy, 

reflecting inducibility of the enzyme. 

 

3) Summary  

 The long GTn promoter repeat both in the fetal and maternal genome associates with 

preeclampsia, but fetal and maternal repeats seem to predispose to two different subtypes of 

the disease. As length of the repeat affects HO-1 level, the repeat is a plausible candidate for 
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a causal variant. HO-1 is a highly inducible enzyme and as such is not suitable for diagnostic 

marker in preeclampsia as factors other than preeclampsia status seem to be stronger 

predictors of its expression level. 
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Figure Legends 

Figure 1. Intersections of the samples with the maternal or fetal GTn repeat genotype and/or the I or 

III trimester serum HO-1 measurement available for analyses. 

 

Figure 2. The long fetal and maternal GTn repeats decrease placental and serum HO-1 levels, 

respectively, and the I and III trimester serum HO-1 levels correlate positively. A) Neonates 

possessing at least one L allele have decreased HO-1 protein levels in placenta. All the neonates with 

at least one long GTn allele were grouped and compared against the neonates with no long alleles. 

Genotype classes are based on the allele classes short (S; <27 repeats), medium (M; 27-33 repeats) 

and long (L; >33 repeats). Statistical significance was tested using Mann-Whitney test. The b) I and 

c) III trimester HO-1 protein levels are lower in the maternal ML genotype class compared to the 

classes SS, SM and MM. Genotype classes are based on the allele classes short (S; <27 repeats), 

medium (M; 27-33 repeats) and long (L; >33 repeats). Statistical significance was tested using 

Kruskal-Wallis test. An outlier is marked at the top of Figure 2b. D) The I and III trimester serum 

HO-1 protein levels correlate statistically significantly (Spearman’s correlation). PE=preeclampsia. 

 

Figure 3. Serum HO-1 protein level decreases towards the end of gestation both in the preeclamptic 

and non-preeclamptic pregnancies. Change between the I and III trimester HO-1 level in a) 

preeclamptic and b) non-preeclamptic pregnancies. 
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Table 1. Association of the fetal HMOX1 GTn microsatellite polymorphism with preeclampsia. 

 Allelic association Genotypic association 

   Per genotype (ref. SS) Additive (ref. SS) Dominant (ref. SS) 

Phenotype 

Risk 

allele 

L 

OR 

(95% CI) 

p 

value 
SS SL LL 

OR SL 

(95% CI) 

p 

value 

OR LL 

(95% CI) 

p 

value 

OR  

(95% CI) 
p value 

OR SL/LL 

(95% CI) 

p 

value 

Preeclampsia 

(n=609) 

823 

(67.6) 

1.18 

(1.01-1.39) 
0.041 

60 

(9.9) 

275 

(45.2) 

274 

(45.0) 

1.40 

(0.98–1.99) 
0.067 

1.51 

(1.06–2.16) 
0.024 

1.18  

(1.01-1.39) 
0.042 

1.45 

(1.04-2.04) 
0.031 

Severe 

preeclampsia 

(n=428) 

580 

(67.8) 

1.19 

(1.00-1.42) 
0.054 

39 

(9.1) 

198 

(46.3) 

191 

(44.6) 

1.55 

(1.03-2.33) 
0.037 

1.62 

(1.08-2.45) 
0.021 

1.19 

(1.00-1.43) 
0.054 

1.58 

(1.07-2.34) 
0.021 

Non-severe 

preeclampsia 

(n=181) 

243 

(67.1) 

1.16 

(0.91-1.48) 
0.239 

21 

(11.6) 

77 

(42.5) 

83 

(45.9) 

1.12 

(0.66-1.90) 
0.684 

1.31 

(0.77-2.22) 
0.318 

1.15  

(0.91-1.47) 
0.246 

1.21 

(0.73-1.99) 
0.458 

Early-onset 

preeclampsia 

(n=126) 

179 

(71.0) 

1.39 

(1.04-1.86) 
0.027 

10 

(7.9) 

53 

(42.1) 

63 

(50.0) 

1.61 

(0.79-3.29) 
0.187 

2.09 

(1.03-4.22) 
0.041 

1.38  

(1.03-1.85) 
0.029 

1.84 

(0.93-3.63) 
0.078 

Late-onset 

preeclampsia 

(n=483) 

644 

(66.7) 

1.13 

(0.96-1.34) 
0.149 

50 

(10.4) 

222 

(46.0) 

211 

(43.7) 

1.35 

(0.93-1.97) 
0.119 

1.40 

(0.95-2.05) 
0.085 

1.13  

(0.96-1.34) 
0.151 

1.37 

(0.96-1.97) 
0.084 

Control 

(n=745) 

951 

(63.8) 
  102 

(13.7) 

335 

(45.0) 

308 

(41.3) 
        

Allele counts and frequencies (%) are presented. Alleles were divided into short (S; ≤25 repeats) and long (L; >25 repeats) allele classes. Chi 

square test and binary logistic regression were applied in the allelic and genotypic association analyses, respectively. CI=confidence interval; 

OR=odds ratio. 
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SUPPLEMENTARY METHODS 

Clinical definitions 

Preeclampsia was defined as hypertension and proteinuria occurring after 20 weeks of gestation 

according to the American College of Obstetricians and Gynecologists (ACOG) 2002 criteria.1 

Hypertension was defined as systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 

mmHg. Proteinuria was defined as the urinary excretion of ≥0.3 g protein in a 24-hour specimen, or 

0.3 g/L, or two ≥1+ readings on a dipstick in a random urine determination with no evidence of a 

urinary tract infection. Preeclampsia was considered severe if one or more of the following criteria 

were present: systolic blood pressure ≥160 mmHg, diastolic blood pressure ≥110 mmHg and 

proteinuria ≥5 g/24h. Preeclampsia was defined as early-onset when diagnosed before 34+0 weeks 

of gestation and late-onset when diagnosed after that. Preterm delivery was defined as delivery 

occurring before 37 weeks of gestation. Birth weights below −2.0 SD units were classified as small-

for-gestational age (SGA) according to Finnish standards.2 

 

Genotyping methods 

Umbilical cord blood (5 ml) was collected at delivery. Genomic DNA was extracted from blood 

samples using NucleoSpin Blood XL DNA extraction kit (Macherey-Nagel GmbH & Co.) or 

Chemagic Magnetic Separation Module I-machine (Chemagen) and subsequently stored at -20oC.  

Genotyping of the GTn repeat was performed as described previously.3 

 

Placental sample collection and HO-1 protein measurement in placental tissue 

Placental samples were collected after delivery by dividing placentas in nine sections and harvesting 

a biopsy sample from each of the sections. Placentas were stored in -4oC until sampling. Half of the 

samples utilized in the present study were collected within one hour of detachment of placenta 

(median 1.00 h; percentiles 0.44 h/6.9 h; range 0.05 h – 17.8 h). The collected samples were snap 

frozen and stored in -80 °C. 

 

Two placental fragments were measured for each sample. Tissue fragments were homogenized in a 

lysis buffer containing 100 mmol/L NaCl, 10 mmol/L KCl, 8 mmol/L Na2HPO4, 3 mmol/L MgCl2, 

0.5% NP40, 10 mmol/L Tris-HCl, pH 7.4 and protease inhibitors (CompleteTM Mini, Protease 



Inhibitor Cocktail Tablets, Roche Diagnostics GmbH, Mannheim, Germany). Homogenates were 

incubated on ice for 30 min and centrifuged at 15 000 g for 15 min. Protein concentration in the 

supernatant was determined using the BCA protein assay kit (Pierce, Rockford, IL, USA). HO-1 

protein was measured using HO-1 ELISA kit (Enzo Life Sciences, Farmingdale, New York, NY, 

USA) according to the manufacturer’s instructions. Average of two fragments measured for each 

sample was used in the analyses. The results are expressed as ng of HO-1 protein in µg of total protein. 

 

Serum collection and measurement 

The I and III trimester serum samples were collected from a subcohort from the Hospital District of 

Helsinki and Uusimaa. The I trimester serum samples were obtained via the screening for fetal 

chromosomal abnormalities, and the III trimester serum samples were collected for the FINNPEC 

study in the hospitals. The samples were collected via standard procedure and stored in -80oC.  

 

Maternal serum heme oxygenase-1 (HO-1) concentration was measured using Human HO-1 ELISA 

kit (Enzo Life Sciences, Farmingdale, New York). Soluble fms-like tyrosine kinase-1 (sFlt-1) and 

placental growth factors (PlGF) concentrations were measured with sFlt-1 and PlGF electro-

chemiluminescence immunoassays (ECLIA; Roche Diagnostics GmbH, Mannheim, Germany) on 

Cobas e 601 analyzer (Hitachi High Technology Co, Tokyo, Japan). Serum concentration of soluble 

endoglin (sEng) was measured using human Quantikine Endoglin ELISA kit (R&D Systems, UK) 

according to the manufacturer’s instructions. 

 

Additional information on statistical analyses 

Relationship between the placental HO-1 levels and categorical variables (preeclampsia, parity, sex 

of neonate and method of delivery) were studied with Mann-Whitney test, and relationship between 

placental HO-1 levels and continuous variables (age, BMI, maximal systolic and diastolic blood 

pressure during pregnancy, maximal proteinuria, birth weight, birth weight normalized for gestational 

age and sex of neonate,2 gestational age at birth and time between detachment of placenta and 

sampling) with Spearman’s correlation. Relationship between the I and III trimester HO-1 serum 

concentration and categorical variables (preeclampsia, severe, non-severe, early-onset, and late-onset 

preeclampsia, chronic and gestational hypertension, type 1 or type 2 diabetes, gestational diabetes, 

small-for-gestational age, before and during pregnancy smoking, BMI <30 or ≥30 kg/m2, sex of 



neonate) were studied with Mann-Whitney test, and relationship between HO-1 serum concentration 

and continuous variables (serum concentrations of sFlt-1, sEng, PlGF and sFlt-1/PlGF ratio, age, 

BMI, maximal systolic and diastolic blood pressure during pregnancy, birth weight, birth weight 

normalized for gestational age and sex of neonate,2 gestational age, maximal proteinuria, and the I 

and III trimester serum sampling time) with Spearman’s correlation. Variables included in the step-

wise linear regression model studying the effect of the GTn genotype and clinical variables on serum 

HO-1 level were age, BMI, maximal systolic and diastolic blood pressure during pregnancy, birth 

weight, normalized birth weight, gestational age at birth, before and during pregnancy smoking, parity 

as a binary dummy variable, sex of neonate, diagnoses for pre-eclampsia, chronic hypertension, 

gestational diabetes, small-for-gestational age, placental insufficiency and type 1 or  type 2 diabetes, 

maternal genotype (divided based on L>33; ML/LL=1, other genotypes=0) and gestational age at 

serum sampling. 
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SUPPLEMENTARY TABLES 

 

Table S1.  Maternal and perinatal characteristics of the neonates genotyped 

Maternal or perinatal characteristic Preeclampsia (n=609) Control (n=745) p value 

Age (years) 29 (26/33) 30 (26/33) 0.723 

BMI before pregnancy (kg/m2) 23.8 (21.3/28.0) 23.0 (20.9/26.0) <0.001 

Highest systolic blood pressure (mmHg) 164 (153/177) 126 (118/134) <0.001 

Highest diastolic blood pressure (mmHg) 108 (103/114) 83 (78/89) <0.001 

Proteinuria (g/24h)* 3.02 (1.47/5.57) [555] 0.19 (0.16/0.19 )[3] NA 

Smoking before pregnancy 171 (28.8) [594] 208 (28.5) [730] 0.906 

Smoking during pregnancy 57 (9.5) [602] 84 (11.3) [742] 0.270 

Gestational hypertension 0 47 (6.3) NA 

Chronic hypertension 38 (6.2) 17 (2.3) <0.001 

Gestational diabetes mellitus 98 (16.1) 55 (7.4) <0.001 

Pregestational type 1 diabetes 6 (1.0) 5 (0.7) 0.556 

Sex of neonate (girl/boy) 318/291 (52.2/47.8) 344/401 (46.2/53.8) 0.027 

Birth weight (g) 2930 (2428/3390) 3620 (3305/3943) <0.001 

Relative birth weight (SD)† -0.92 (-1.68/-0.15) -0.02 (-0.60/0.66) [744] <0.001 

Gestational age at birth (weeks) 38.1 (36.4/39.4) 40.3 (39.4/41.3) <0.001 

Values for continuous variables are median (25th/75th percentile) and for categorical variables frequencies 

(%). Number of subjects is shown in brackets if different. Continuous variables were compared using Mann–

Whitney U test, and categorical variables using chi-square test, or Fisher’s exact test for the variables with 

less than six observations per category.*For the preeclamptic women with no 24-hour specimen available, 

proteinuria was detected in a random urine determination (0.3 g/L, or two ≥1+ readings on a dipstick). †Birth 

weight normalized for gestational age and sex of neonate. BMI=body mass index  



Table S2. Clinical characteristics of the placental sample set 

Maternal or perinatal characteristic 
Long GTn genotype 

(n=9)* 

Short GTn genotype 

(n=27)* 
p value 

Maternal age (years) 30 (24/32) 31 (29/33) 0.407 

BMI (kg/m2) 24.3 (22.9/25.5) 23.7 (21.3/27.7) 0.886 

Highest systolic blood pressure (mmHg) 145 (116/176) 152 (126/174) 0.720 

Highest diastolic blood pressure (mmHg) 99 (83/117) 106 (90/113) 0.971 

Proteinuria (g/24h) 4.45 (2.55/8.23) [6] 3.26 (1.97/6.46) [18] 0.494 

Nullipara 6 (66.7) 19 (70.4) 1.000 

Smoking before pregnancy 3 (33.3) 6 (22.2) 0.660 

Smoking during pregnancy 0 1 (3.7) 1.000 

Preeclampsia 6 (66.7) 18 (66.7) 1.000 

Early-onset preeclampsia 3 (33.3) 6 (22.2) 0.660 

Severe preeclampsia 4 (44.4) 15 (55.6) 0.706 

Small-for-gestational age  0 6 (22.2) 0.303 

Placental insufficiency 0 3 (11.1) 0.558 

Other diagnosis 1 GDM 
1 CHT, 1 superimposed 

PE, 1 GDM, 1 HELLP 
 

Gestational age at birth (weeks) 38.6 (37.3/40.5) 39.0 (35.4/40.0) 0.747 

Caesarean section 5 (55.6) 16 (59.3) 1.000 

Delay from placental detachment to 

sampling 
0.48 (0.34/7.99) 1.05 (0.47/6.35) 0.541 

Sex of neonate (girl/boy) 6/3 (66.7/33.3) 11/16 (40.7/59.3) 0.255 

Birth weight (g) 3228 (2834/4010) 3260 (2250/3600) 0.494 

Relative birth weight (SD)† -0.07 (-0.94/0.76) -0.52 (-1.97/0.08) 0.263 

Placental weight (g) 628 (536/710) 540 (449/664) [24] 0.370 

Values for continuous variables are median (25th/75th percentile) and for categorical variables frequencies 

(%). Number of subjects is shown in brackets if different. Continuous variables were compared using Mann–

Whitney U test, and categorical variables using Fisher’s exact test. *The groups are divided based on three 

allele classes S (<27 repeats), M (27-33 repeats) and L (>33 repeats), and the neonates carrying at least one L 

allele were assigned to the long GTn genotype group. †Birth weight normalized for gestational age and sex of 

neonate. BMI=body mass index; CHT=chronic hypertension; GDM=gestational diabetes mellitus; HELLP= 
hemolysis, elevated liver enzyme levels, and low platelet levels; PE=preeclampsia 

 

 

 

  



Table S3. Clinical characteristics of the I and III trimester serum measurement sample sets 

 I trimester  III trimester  

Maternal or perinatal 

characteristic 

Preeclampsia 

(n=222) 

Control 

 (n=243) 
p value 

Preeclampsia 

(n=176) 

Control  

(n=53) 
p value 

Age (years) 30 (27/33) 31 (27/34) 0.509 31 (27/35) 31 (28/34) 0.764 

BMI before pregnancy 

(kg/m2) 
24.0 (21.5/28.2) 23.0 (20.9/25.8) 0.002 24.0 (21.6/28.1) 22.9 (21.7/26.7) 0.373 

Highest systolic blood 

pressure (mmHg) 
164 (153/176) 126 (118/134) <0.001 167 (159/179) 128 (119/142) <0.001 

Highest diastolic blood 

pressure (mmHg) 
109 (104/115) 84 (78/90) <0.001 111 (106/117) 85 (80/93) <0.001 

Proteinuria (g/24h)* 
2.84 (1.28/5.10) 

[212] 

0.20 (0.19/-) 

 [3] 
NA 

3.38 (1.76/6.27) 

[173] 

0.20 (0.20/-)  

[3] 
NA 

Smoking before 

pregnancy 
58 (26.9) [216] 60 (24.8) [242] 0.615 44 (25.3) [174] 18 (34.0) 0.215 

Smoking during 

pregnancy 
24 (11.0) [218] 21 (8.7) [242] 0.401 13 (7.4) [175] 5 (9.4) 0.575 

Gestational 

hypertension 
0 22 (9.1) NA 0 7 (13.2) NA 

Chronic hypertension 37 (16.7) 7 (2.9) <0.001 38 (21.6) 4 (7.5) 0.025 

Gestational diabetes 28 (12.6) 13 (5.3) 0.006 25 (14.2) 2 (3.8) 0.050 

Pregestational 

diabetes† 
12 (5.4) 1 (0.4) 0.001 11 (6.3) 0 0.072 

Birth weight (g) 
2860  

(2276/3371) 

3525  

(3175/3950) 
<0.001 

2701 

(1931/3234) 

3520 

(2987/3947) 
<0.001 

Relative birth weight 

(SD)‡ 

-1.12  

(-1.74/-0.15) 

-0.11  

(-0.84/0.69) [240] 
<0.001 

-1.27  

(-1.99/-0.42) 

0.03 

 (-1.23/0.65) 
<0.001 

Gestational age at birth 

(weeks) 
38.1 (35.6/39.3) 40.3 (39.0/41.1) <0.001 37.6 (34.6/38.7) 39.9 (37.9/41.3) <0.001 

Gestational age at 

serum sampling 

(weeks)§ 

12 (11/12) [220] 12 (11/12) [240] 0.237 36.6 (33.7/38.3) 
39.5 (37.6/40.8) 

[52] 
<0.001 

Values for continuous variables are median (25th/75th percentile) and for categorical variables frequencies 

(%). Number of subjects is shown in brackets if different. Continuous variables were compared using Mann–

Whitney U test, and categorical variables using chi-square test, or Fisher’s exact test for the variables with 

less than six observations per category.*For the preeclamptic women with no 24-hour specimen available, 

proteinuria was detected in a random urine determination (0.3 g/L, or two ≥1+ readings on a dipstick). †I 

trimester: 12 women with type I diabetes and 1 with type 2 diabetes; III trimester: 10 women with type I 

diabetes and 1 with type 2 diabetes. ‡Birth weight normalized for gestational age and sex of neonate. §For 

the I trimester information is shown as full weeks, and for the III trimester as exact gestational age. 

BMI=body mass index. 

 

 



Table S4. Genotype frequencies in the maternal and neonatal samples with serum available 

(divided based on 3 allele classes) 

Genotype 

The I trimester 

serum HO-1 and 

maternal genotype 

available 

The III trimester 

serum HO-1  and 

maternal  genotype 

available 

The I trimester 

serum HO-1 and 

neonatal genotype 

available 

The III trimester 

serum HO-1  and 

neonatal genotype 

available 

SS 55 (16.4) 34 (19.4) 52 (15.1) 16 (11.1) 

SM 160 (47.6) 79 (45.1) 146 (42.4) 68 (47.2) 

SL 6 (1.8) 4 (2.3) 14 (4.1) 5 (3.5) 

MM 98 (29.2) 48 (27.4) 120 (34.9) 49 (34.0) 

ML 17 (5.1) 10 (5.7) 11 (3.2) 5 (3.5) 

LL 0 0 1 (0.3) 1 (0.7) 

Total 336 (100) 175 (100) 344 (100) 144 (100) 

The repeat length is divided to three classes S (<27 repeats), M (27-33 repeats) and L (>33 repeats). Number 

of genotypes (% in parenthesis) in each class is shown. 

 

 

Table S5. Stepwise linear regression estimating the effect of clinical variables on HO-1 serum 

concentration in the I and III trimesters of pregnancy. 

 B Standard Error 95% CI for B Beta p value 

I trimester*      

BMI -0.014 0.003 -0.021 – -0.008 -0.237 8.0x10-6 

Maternal genotype -0.208 0.064 -0.334 – -0.082 -0.171 0.001 

Diabetes mellitus 0.274 0.098 0.082 - 0.467 0.147 0.005 

III trimester†      

Maternal genotype -0.463 0.100 -0.660 –  -0.265 -0.323 8.0x10-6 

Smoking during pregnancy -0.244 0.097 -0.435 –  -0.053 -0.178 0.013 

BMI -0.011 0.004 -0.019 – -0.002 -0.170 0.016 

Gestational age at III trimester 

serum sampling 
-0.013 0.006 -.026 – 0.000 -0.138 0.049 

*r2=0.102, sample size = 333; dependent variable I trim HO-1 concentration (log10); independent variables 

included in the stepwise linear regression: age, BMI, maximal systolic blood pressure during pregnancy, 

maximal diastolic blood pressure during pregnancy, birth weight, birth weight normalized for gestational age 

and sex of neonate, gestational age at birth, before pregnancy smoking status, during pregnancy smoking 

status, parity as a binary dummy variable, sex of neonate, diagnoses for pre-eclampsia, chronic hypertension, 

gestational diabetes, small-for-gestational age, placental insufficiency and type 1 or  type 2 diabetes, 

maternal genotype (divided based on L>33; ML/LL=1, other genotypes=0), the I trimester serum sampling 

week 

†r2=0.205, sample size = 173; dependent variable III trim HO-1 concentration (log10); independent variables 

included in the stepwise linear regression as in the I trimester analysis, except that the I trimester serum 

sampling week was replaced with the III trimester sampling time (gestational week +day) and days (+/-) 

relative to birth 

BMI=body mass index; CI=confidence interval  
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Figure S1. Distribution of the GTn repeat lengths in the neonates genotyped. Altogether 1354 

neonates (609 preeclamptic and 745 non-preeclamptic) were genotyped. 

 

 



 

 

Figure S2. Serum HO-1 level correlates modestly with preeclampsia serum markers. A) The I 

trimester serum HO-1 correlates positively with the I trimester sEng level. Two outliers are marked 

at the top of the plot. B) The III trimester serum HO-1 correlates positively with the III trimester sFlt-

1/PlGF ratio. Correlations were tested with Spearman’s correlation. 

  



 

 

Figure S3. Negative relationship between BMI and serum HO-1. Serum HO-1 level is lower in obese 

women both in the a) I and b) III trimester of pregnancy, and the I trimester serum HO-1 correlates 

negatively with BMI (c). Statistical significance for the categorical BMI was tested with Mann-

Whitney test, and for the continuous BMI with Spearman’s correlation. Two outliers are marked at 

the top of Figures S3a and S3c. BMI=body mass index. 

 



 

 

Figure S4. Several factors affect serum HO-1 levels during pregnancy. The III trimester serum HO-

1 correlates a) positively with age and b) negatively with birth weight. Serum HO-1 level is lower in 

during pregnancy smokers both in the c) I and d) III trimester of pregnancy. Statistical significance 

for the categorical variables was tested with Mann-Whitney test, and for the continuous variables 

with Spearman’s correlation. Two outliers are marked at the top of Figure S4c. 


