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Abstract: Objective 

The aim of the present study was to determine the contribution of the 

heme oxygenase (HO) system to the adaptation of the uteroplacental 

circulation to pregnancy in the rat, and its relationship with the 

maintenance of blood pressure during late gestation.  

Methods 

The HO inhibitor, stannous mesoporphyrin (SnMP), or vehicle were 

administered intraperitoneally to virgin and midpregnant rats. Mean 

arterial pressure (MAP) was measured before and after the treatment, in 

the conscious rats. Uterine and radial arteries blood flow velocities 

were obtained from pregnant rats at days 14 and 19 of gestation using 

high frequency ultrasonography. Trophoblast invasion and spiral arteries 

remodelling were analyzed in the mesometrial triangle of pregnant rats by 

inmunohistochemistry.  

Results 

HO activity inhibition during late gestation induced a significantly 

increase in the MAP of pregnant rats (114±1 mmHg vs 100±2 mmHg, p<0.05) 

but it did not affect this parameter in virgin rats (121±2 mmHg vs 124±3 

mmHg). MAP elevation was associated with marked (p<0.05) decreases in the 

systolic and diastolic flow velocities in uterine and radial arteries, as 

compared with pregnant control rats. Furthermore, spiral arteries of 

pregnant rats treated with SnMP showed lower (p<0.001) proportion of 

lumen circumference covered by trophoblast (21±3%) and a higher (p<0.05) 

proportion of vascular smooth muscle (33±5%) than control pregnant rats 

(59±5% and 16±5%, respectively)  

Conclusions 

These data indicate that HO system play an important role in the 

adaptation of the uteroplacental circulation to pregnancy and in the 

blood pressure regulation during late gestation.    

 

 

 

 



 

 



 

 

Response to reviewers. 

Reviewer #1: 

Trophoblast has been corrected in the abstract. 

New pictures have been introduced. We have tried to find pictures illustrating the mean of the 

values obtained from the immunohistochemistry studies. As we explain in the manuscript, the 

data shown are the means of all values obtained from the quantification of all spiral arteries 

from each implantation site, therefore it is difficult that all the pictures, showing these data in 

the same vessel with the three different immunostaining methods, are good. We have also 

introduced two new pictures in figure 3 at low augmentation indicating the localization of the 

vessel.   

In regard to show the pictures in the same figure, we have put together in figure 3 all the 

images. Although it is better to compare both groups, to show pictures in separate figures 

allows a greater amplification.  That was the reason why we shown the images in different 

figures in the last version of the manuscript .  

 

Reviewer #3: 

Thank you for you comments. As the reviewer indicates, our results show that HO is involved 

in the regulation of blood pressure during late gestation and confirm previous studies  which 

have found  significant increases in diastolic blood pressure during pregnancy in HO-1-deficient 

mice.  In our study, pregnant rats treated with the HO inhibitor showed higher levels of mean 

arterial pressure at late gestation than  pregnant rats treated with vehicle (114 ± 1 mmHg vs 

100 ± 2 respectively ), indicating that HO inhibition impaires the decrease in blood pressure 

associated with pregnancy. Although an increase of 14 mmHg in mean arterial pressure 

suggests  a significative elevation of diastolic blood pressure in our study, we agree with the 

reviewer that with these levels of pressure we can not speak of hypertension. We have 

replaced “hypertension” by  “increase in blood pressure” in the manuscript and we have 

introduced a sentence in the discussion explaining it (lines 311-315). 

In regard to the RUPP model, George et al have demonstrated that HO-1 induction with cobalt 

protoporphyrin attenuates hypertension in these animals indicating, as the reviewer suggests, 

that HO-1 or its metabolites are potential therapeutics for the treatment of pregnancy induced 

hypertension. This idea has been discussed in the manuscript (lines 357-360). 

 

 

 

Response to Reviewers



 

New pictures have been introduced. I have tried to find pictures illustrating the mean of the 

values obtained from the immunohistochemistry studies. As we explain in the manuscript, the 

data shown are the means of all values obtained from the quantification of all spiral arteries 

from each implantation site, therefore it is difficult that all the pictures, showing these data in 

the same vessel with the three different immunostaining methods, are good. As the reviewer 

suggest we have introduced two new pictures at low augmentation indicating the localization 

of the vessels.    
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 51 

ABSTRACT 52 

 53 

Objective 54 

The aim of the present study was to determine the contribution of the heme oxygenase 55 

(HO) system to the adaptation of the uteroplacental circulation to pregnancy in the rat, 56 

and its relationship with the maintenance of blood pressure during late gestation.  57 

Methods 58 

The HO inhibitor, stannous mesoporphyrin (SnMP), or vehicle were administered 59 

intraperitoneally to virgin and midpregnant rats. Mean arterial pressure (MAP) was 60 

measured before and after the treatment, in the conscious rats. Uterine and radial 61 

arteries blood flow velocities were obtained from pregnant rats at days 14 and 19 of 62 

gestation using high frequency ultrasonography. Trophoblast invasion and spiral arteries 63 

remodelling were analyzed in the mesometrial triangle of pregnant rats by 64 

inmunohistochemistry.  65 

Results 66 

HO activity inhibition during late gestation induced a significantly increase in the MAP 67 

of pregnant rats (114±1 mmHg vs 100±2 mmHg, p<0.05) but it did not affect this 68 

parameter in virgin rats (121±2 mmHg vs 124±3 mmHg). MAP elevation was 69 

associated with marked (p<0.05) decreases in the systolic and diastolic flow velocities 70 

in uterine and radial arteries, as compared with pregnant control rats. Furthermore, 71 

spiral arteries of pregnant rats treated with SnMP showed lower (p<0.001) proportion of 72 

lumen circumference covered by trophoblast (21±3%) and a higher (p<0.05) proportion 73 

of vascular smooth muscle (33±5%) than control pregnant rats (59±5% and 16±5%, 74 

respectively)  75 

Conclusions 76 

These data indicate that HO system play an important role in the adaptation of the 77 

uteroplacental circulation to pregnancy and in the blood pressure regulation during late 78 

gestation.    79 

 80 

Keywords 81 

Trophoblast invasion, placenta, uteroplacental haemodynamics, vascular remodelling, 82 

hypertension, Doppler ultrasonography.  83 

 84 
 85 



 

 

HIGHLIGHTS 

 

-Heme oxygenase activity inhibition during pregnancy induces hypertension.  

-Uteroplacental haemodynamics is altered by reductions in heme oxygenase activity. 

-Heme oxygenase activity inhibition induces defective spiral arteries remodelling. 
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 4 

INTRODUCTION 5 

   6 

Cardiovascular adaptation to gestation involves complex hemodynamic changes, 7 

including significant increases in cardiac output and blood volume, a marked reduction 8 

in the systemic resistance and a subsequent decline in blood pressure. Uteroplacental 9 

vasculature undergoes significant structural and functional modifications to ensure an 10 

adequate blood supply to the developing placenta and the fetus. In early stages of 11 

pregnancy, trophoblasts invade the uterine spiral arteries, replacing muscular and 12 

endothelial cells of the arterial wall and transforming them in low resistance vessels 13 

with an increased blood flow and reduced pressure (1). Furthermore, uterine, arcuate 14 

and radial arteries show a progressive dilation through gestation, thereby also 15 

contributing to the reduced resistance and the increased blood flow in the uteroplacental 16 

vascular bed (2, 3). Despite the intensive research linking uteroplacental blood flow 17 

alterations with several pregnancy diseases, such as hypertension, preeclampsia, 18 

intrauterine growth restriction and early pregnancy loss (4), the mechanisms leading to 19 

impaired adaptation of uteroplacental circulation in these disorders are still poorly 20 

understood. 21 

 Recent studies have reported that heme oxygenase (HO) system is an important 22 

regulator of uteroplacental function (5-8). HO, which catalyzes the conversion of heme 23 

to bilirubin and carbon monoxide (CO), is highly expressed in human, rat and mouse 24 

placenta (5, 9, 10) and its deficiency has been associated with growth restriction, 25 

placental dysfunction and fetal loss (5,6,11,12) . Recently, it has been also reported that 26 

the treatment of late pregnant rats with a HO inhibitor provokes hypertension associated 27 

with a decrease in placental vascular endothelial growth factor (VEGF), suggesting that 28 

the contribution of HO system to the regulation of arterial pressure during gestation may 29 

be mediated by the upregulation of proangiogenic factors (13). However, it is unknown 30 

whether hypertension induced by a decreased HO activity during pregnancy is related 31 

with an impaired trophoblast-induced spiral artery remodelling and/or with alterations 32 

in uteroplacental haemodynamics. Therefore, the aim of the current study was to 33 

investigate the contribution of the HO system to the adaptation of the uteroplacental 34 
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circulation to pregnancy in the rat, and its relationship with the maintenance of blood 35 

pressure during late gestation.  36 

  37 

MATERIAL AND METHODS 38 
 39 

Animals 40 
 41 

All studies were performed in female Sprague Dawley (SD) rats purchased from the 42 

University of Murcia Animal Research Laboratory. The study was approved by the 43 

University Review Committee and experimental protocols were designed according to 44 

the National Institutes of Health Guide for the Care and Use of Laboratory Animals. 45 

Animals were housed in an environmentally controlled facility and were allowed free 46 

access to food and water. Rats (12 weeks of age) destined to become pregnant were 47 

mated overnight. The presence of sperm in vaginal smear on the following morning was 48 

considered as the first day of pregnancy.  49 

 50 

HO-1 and HO-2 expression.  51 

 52 

Implantation sites (placenta with associated mesometrial triangle) were obtained from 53 

pregnant rats at 8 (n=6), 14 (n=5) and 19 (n=4) days of gestation. Tissues samples were 54 

homogenized in ice-cold 50-mmol/L Tris-HCl buffer, pH 7.4, containing 1% NP-40, 55 

0.25% sodium deoxycholate, 1-mmol/L EDTA, and 10% protease inhibitor cocktail 56 

(Sigma -Aldrich). Homogenates (50 μg) were electrophoresed on a 12% polyacrilamide 57 

gel and then transferred to a polyvinylidene difluoride membrane. Membranes were 58 

incubated for 1 h with a 1:1000 dilution of rabbit anti-rat HO-1 monoclonal or HO-2 59 

polyclonal antibodies (Stressgen Biotechnologies). Afterwards, the membranes were 60 

incubated with horseradish peroxidase- conjugated anti-rabbit Ig G (Amersham) at a 61 

dilution of 1:2000. Chemiluminescence detection was performed with the Amersham 62 

ECL detection kit according to the manufacturer´s instructions. Protein expression 63 

changes were quantified by densitometry analysis and presented as the ratio of HO 64 

proteins to β-actin expression in samples run in the same gel. 65 

 66 

Measurement of arterial pressure in conscious rats. 67 

 68 

To determine the role of HO in regulating arterial pressure during gestation, the effects 69 

of a HO inhibitor, stannous mesoporphyrin (SnMP), on mean arterial pressure (MAP) 70 
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were compared in virgin and pregnant rats. SnMP (Frontier Scientific) was administered 71 

intraperitoneally at a dose of 50 μmol/kg on day 14 of gestation. A similar dose of 72 

SnMP was used in the study of George et al (13). These authors shown that SnMP 73 

reduced significantly HO activity in the liver and the placenta of pregnant rats,  5 days 74 

after its administration. Studies were conducted in 4 groups of rats: virgin rats treated 75 

with vehicle (50 mmol Na2 CO3) (n=10) or SnMP (n=10) and pregnant rats treated with 76 

vehicle (n=10) or SnMP (n=10). 77 

On day 17 of pregnancy, rats were anesthetized and instrumented with 78 

indwelling carotid catheters (V/3 tubing, SCI), which were tunnelled under the skin and 79 

exteriorized at the back of the neck. On gestational day 19, conscious rats were placed 80 

in individual restraining cages and the carotid catheter was connected to a pressure 81 

transducer. After a 60 minute stabilization period, MAP was monitored for 40 minutes 82 

using a data acquisition system (PowerLab System). At the end of the experiment, 83 

animals were euthanized and the reproductive tract was removed. The number of 84 

healthy embryos and resorption sites was counted and placental tissues were obtained to 85 

HO activity measurement. Implantation sites, including placenta and mesometrial 86 

triangle, were also obtained from these animals to quantify trophoblast remodelling 87 

using immunohistochemistry.   88 

 89 

Measurement of HO activity 90 

 91 

To demonstrate the inhibitory effect of SnMP, HO activity was compared in the 92 

implantation sites (placenta with associated mesometrial triangle) from pregnant control 93 

rats and pregnant rats treated with the HO inhibitor. HO activity was measured by 94 

monitoring the conversion of bilirubin by tissue lysate exposure. To achieve that, 95 

homogenates obtained from the implantation sites at day 19 of gestation were combined 96 

with 2mM glucose-6phosphate, 0.2 U of glucose-6-phosphate dehydrogenase, 0.8 mM 97 

of nicotinamide-adenine dinucleotide phosphate and 20.0 μM hemin, in a total reaction 98 

volume of 1200 μl. After 1 hour of incubation at 37º C, bilirubin was extracted with 99 

chloroform and its concentration was determined spectrophotometrically using the 100 

difference in absorbance at wavelengths from λ460 to λ530 nm with an absorption 101 

coefficient of 40 mM/cm. Activity was expressed  as nanograms of bilirubin per 102 

microgram of protein per hour.  103 

 104 

Immunohistochemistry. 105 
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 106 

From 1 to 3 implantations sites of the pregnant rats from each group, including placenta 107 

and mesometrial triangle, were dissected out and submerged in fixative and left at room 108 

temperature for one day. After fixation, the tissues were dehydrated and embedded in 109 

Paraplast Plust according to standard procedures. Sets of 10 parallel sections were cut 110 

from each implantation site parallel to the mesometrial-fetal axis. Parallel sections from 111 

these sets were stained with the periodic acid Schiff (PAS) method, and immunostained 112 

for keratin (KRT) and alpha smooth muscle actin (ACTA). PAS method was used to 113 

detect fibrinoid deposition inside the arterial wall (14-16).  KRT was used to identify 114 

trophoblast cells and was detected by a mouse anti-Pan KRT antibody (clone MNF116, 115 

DAKO) at a dilution of 1:50. ACTA was used to monitored smooth muscle cells and 116 

was detected by a mouse anti-ACTA antibody (clone 1A4, DAKO) at a dilution of 117 

1:100. Both antibodies were detected with a peroxidase conjugated goat anti-mouse IgG 118 

(Sigma-Aldrich) followed by diaminobenzidine tetrahydrochloride (DAB; Sigma-119 

Aldrich) according to standard procedures. Normal rat serum (10% Sigma-Aldrich) was 120 

added during the secondary antibody incubation to decrease non-specific reactions. 121 

 122 

Quantitative analysis of spiral artery histology 123 

 124 

All stained sections were scanned a 40X with a microscope slide scanner (SCN400F 125 

Leika) and visualized with a digital software (Image Hub, Leika) at 10X magnification. 126 

The number of total, invaded and non-invaded spiral artery sections, were counted in 127 

the whole mesometrial triangle. Additionally, all invaded spiral artery from each stained 128 

section and the same number of non-invaded were copied out in individual parallel 129 

windows and evaluated by trophoblast invasion and spiral artery remodelling with an 130 

image processing program (Image J). Arterioles with a lumen contour less than 150 μm 131 

were excluded from this study. Total length of the each spiral artery contour and the 132 

proportion of the lumen circumference covered by endovascular trophoblast, vascular 133 

smooth muscle and fibrinoid were measured. The presence of endovascular trophoblast, 134 

vascular smooth muscle and fibrinoid were expressed as % of the spiral artery contour 135 

length.  136 

 137 

Ultrasonography studies. 138 

 139 
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Uterine and radial arteries blood flow velocities were obtained from pregnant 140 

rats at days 14 and 19 of gestation, before and after treatment with vehicle (n=7) or 141 

SnMP (n=7). Ultrasound scanning was performed using a high-resolution micro-142 

ultrasound system (Vevo® 3100, VisualSonics, Toronto, Canadá). This has a range of 143 

single-element and high-frequency transducers with different frequencies and focal 144 

depths. MX250 (axial resolution: 50 μm; frequency: 25 MHz) and MX400 (axial 145 

resolution: 75 μm; frequency: 40 MHz) transducers were used to examine uterine 146 

hemodynamics. The selected transducer was mounted on the Visualsonics integrated 147 

rail system incorporating a micromanipulator for precision adjustment of the probe 148 

position and orientation. Later, B-mode was activated to locate and visualize the 149 

arteries. Imaging depth was set to at 3 to 10 mm and frame-rate was 20 to 30 frames/s. 150 

Blood flow evaluation was carried out by Doppler mode. The frequency of emission 151 

was 21 to 24 MHz in MX250 probe and 30 MHz in MX400 probe. Pulse-repetition 152 

frequency set at 3 to 30 kHz and wall filter was 100 to 250 Hz. Pulsed Doppler gate set 153 

between 0.2 to 0.5 mm and the angle between the Doppler beam and the vessel was < 154 

60º.  155 

Rats were anaesthetized with inhaled isoflurane, the hair was removed and a 156 

depilatory cream was applied to increase ultrasound penetration. Animals were placed 157 

in a supine position on a heated imaging platform whit integrated temperature sensor 158 

and ECG electrodes. Heart rate, respiratory rate and rectal temperature (36.5-37.5 ºC) 159 

were monitored throughout the experiment. A warmed gel was used as an ultrasound 160 

coupling medium. Doppler waveforms were obtained from the uterine artery near the 161 

uterocervical junction, close to the ileac artery and behind the urinary bladder. For 162 

locate uterine artery, the 40 MHz ultrasound probe was positioned in the diagonal plane, 163 

over one centimeter up vaginal vent using the rail system. B-mode was activated to 164 

locate and visualize the urinary bladder. Doppler waveforms from radial arteries were 165 

obtained using the 40 MHz probe during the second week of pregnancy and the 25 MHz 166 

probe during the third week. Ultrasound evaluation was performed in four embryos in 167 

each rat, two in the left horn and two in the right horn. The probe was placed in 168 

transversal position under thorax, at first on the right side and later, on the left side. 169 

With the rail system, probe was moving from top to down to localize each embryo and 170 

acquire the image.   171 

Doppler flow velocity waveforms were obtained in the uterine and radial arteries 172 

from both experimental groups of pregnant rats on day 19 of gestation. The highest 173 
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point of the systolic waveform was considered as the peak systolic velocity (PSV) and 174 

the point of the diastolic waveform was considered as the end diastolic velocity (EDV). 175 

Both PSV and EDV were measured from at least five consecutive cardiac cycles. Mean 176 

velocity (Vm) and velocity time integral (VTI) were measured by outlining five 177 

consecutive heartbeat cycles. Ultrasound was performed by the same trained operator. 178 

Data were transferred to an ultrasound image workstation for subsequent analysis (Vevo 179 

LAB 3.0.0). 180 

 181 

Statistical analysis. 182 

 183 

GB-STAT version 6.5 was used for statistical analysis. All data are presented as means 184 

± SE. The results were subjected to analysis of variance (ANOVA) for repeated 185 

measures and Fisher´s test. A level of p < 0.05 was considered significant. 186 

 187 

RESULTS  188 

 189 

HO-1 and HO-2 expression. 190 

  191 

A representative western blot of HO-1 and HO-2 expression at the implantation 192 

site during pregnancy is shown in figure 1A. Densitometry analysis (figure 1B) revealed 193 

that both isoforms are expressed at implantation sites throughout gestation. HO-1 and 194 

HO-2 levels peaked on day 14 of gestation, being significantly higher than the levels 195 

observed on day 8 of pregnancy. Additionally, both isoforms declined slightly at late 196 

gestation. 197 

 198 

Arterial pressure in conscious rats. 199 

  200 

As can be seen in figure 2A, pregnant control rats, on day 19 of gestation, 201 

showed levels of MAP significantly lower than virgin control rats (100±2 mmHg vs. 202 

121±2 mmHg, respectively). The inhibition of HO activity with SnMP induced an 203 

increase (p<0.05) in MAP in pregnant rats (114 ±1 mmHg) but not in virgin rats (124± 204 

3 mmHg). Furthermore, blood pressure elevation in pregnant rats was associated with a 205 

significative reduction in placental HO activity at 19 day of gestation (10.40.5 vs. 206 

6.90.2  ng/bilirubin/μg protein/h) (figure 2B), demonstrating that 5 days after 207 

administration, the dose of SnMP used in our study had a significant inhibitory effect on 208 



7 

 

HO activity. Pregnant rats with an increased blood pressure at late gestation  had also 209 

higher (p<0.05) fetal resorption rate (19%) than control rats (5%).  210 

 211 

Endovascular trophoblast and associated remodelling in the whole mesometrial 212 

triangle. 213 
 214 

A total of 13 and 12 implantation sites from 6 pregnant control rats and 7 215 

pregnant rats treated with the HO inhibitor, respectively, were examined. Figure 3  216 

shows trophoblast invasion in the mesometrial triangle from a pregnant control rat (3A) 217 

and a pregnant rat treated with the HO inhibitor (3B).This figure also shows  parallel 218 

cross-sections of spiral arteries inmunostained for KRT, PAS and ACTA from a control 219 

rat (3C,3E,3G, respectively) and from a pregnant treated rat (3D,3F,3H, respectively). 220 

As previously described (14), endovascular trophoblast into the mesometrial triangle 221 

spiral arteries did not form a continuous covering of the whole circumference of the 222 

vessel (figure 3C, 3D) and fibrinoid material was observed underneath the luminal 223 

trophoblast layer (figure 3G, 3H). We also observed fragmentation of the vascular 224 

smooth muscle in invaded vessels (figure 3E, 3F). On day 19 of gestation, the 225 

percentage of spiral arteries invaded by trophoblast was similar in both groups (19% vs. 226 

18%, respectively). However, the proportion of lumen circumference covered by 227 

endovascular trophoblast in the arterial cross sections was significantly (p<0.001) lower 228 

in pregnant rats treated with the HO inhibitor (21±3 %) than in control pregnant rats 229 

(59±5 %). The amount of fibrinoid in the spiral arteries, expressed as a percentage of 230 

the lumen contour, showed a similar pattern, with lower (p<0.05) fibrinoid deposition 231 

(22±3%) in pregnant rats with diminished HO activity than in control rats (42±7 %). 232 

Contrarily, the length of the vascular smooth muscle layer versus the total vessel 233 

contour was significantly higher (33±5%) in pregnant rats with a reduction in HO 234 

activity than in pregnant control rats (16±5%).  235 

 236 

Uterine and radial arteries blood velocity. 237 

 238 

Figure 4A shows a representative Doppler flow velocity waveforms obtained in the 239 

uterine and radial arteries from both experimental groups of pregnant rats on day 19 of 240 

gestation. As shown in figure 4B and 4C, PSV and EDV increased significantly from 241 

day 14 to day 19 in uterine and radial arteries of pregnant control rats. However, in the 242 

pregnant rats treated with the HO activity inhibitor, these parameters were similar on 243 
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days 14 and 19 of gestation. In figure 4A it can be also observed that on day 19 of 244 

gestation, PSV and EDV were lower in uterine and radial arteries of pregnant rats with 245 

reduced HO activity than in control animals. Vm and VTI followed the same pattern 246 

(table 1), showing marked increase on day 19 of gestation in control rats and no changes 247 

in the pregnant rats with diminished HO activity.   248 

  249 

DISCUSSION 250 
 251 

The main purpose of the present study was to determine the importance of HO 252 

system in regulating the adaptation of uteroplacental circulation and blood pressure to 253 

late gestation in the rat. Our major findings were that reduced HO activity during late 254 

gestation led to deficient trophoblast invasion and defective spiral artery remodelling 255 

which were associated with marked alterations in uterine and radial arteries 256 

haemodynamic, and a significative increase in blood pressure.  257 

The results of this study show that both isoforms of HO are expressed in the rat 258 

implantation sites during pregnancy. Specifically, we observed the highest levels of 259 

HO-1 and HO-2 at mid-pregnancy, coinciding with the onset of trophoblast invasion 260 

into the rat uterine decidua (17) and suggesting that HO may be involved in this 261 

process, and therefore in the maternal vascular remodelling induced by these cells. A 262 

similar gestational pattern of both HO isoforms expression was previously described in 263 

rat uterine and placental tissues (18). Although the days of gestation analyzed were 264 

different, these authors found that uterine and placental HO-1 and HO-2 protein, and 265 

ARNm levels reached a peak at about day 16 of pregnancy, coinciding also with early 266 

stages of uterine trophoblastic invasion (18). In the human placental bed, endovascular 267 

and interstitial cytotrophoblasts express HO-1 and HO-2 suggesting that the activity of 268 

both HO isoforms could contribute to the control of trophoblast invasion and placental 269 

function (5,19). In this regard, it has been reported that the inhibition of HO in isolated 270 

human placenta produced a significant constriction in the placental vasculature, 271 

implying that the HO-CO system may participate in the regulation of blood flow in this 272 

organ (5). However, the role of HO in the trophoblast-dependent remodelling of human 273 

spiral arteries are poorly understood. We evaluated endovascular trophoblast invasion 274 

and vascular transformation in the mesometrial triangle of pregnant rats treated with the 275 

HO inhibitor, SnMP. Similar to humans, pregnant rats have a haemochorial placenta, 276 

with a deep intrauterine trophoblast invasion and a trophoblast-dependent spiral artery 277 
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remodelling (17,20). In the rat, trophoblasts penetrate into the uterine decidua between 278 

day 14 and 15 of pregnancy and extend into the myometrium as gestation advances 279 

(17). Vascular invasion of the mesometrial triangle is maximal at 18 days of gestation 280 

and is associated with loss of smooth muscle layer in the invaded vessels (17). We 281 

administered the HO inhibitor at day 14 of gestation, coinciding with the onset of 282 

trophoblast invasion, and we evaluated the remodelling of spiral arteries induced by 283 

these cells in the mesometrial triangle at day 19 of gestation. Vascular transformation of 284 

uterine arteries was reduced in pregnant rats treated with the HO inhibitor compared 285 

with normal pregnant animals. At day 19 of gestation, uterine arteries of rats with 286 

reduced placental HO activity showed a lower proportion of arterial lumen contours 287 

covered by trophoblast and more vascular smooth muscle than contours of the same 288 

vessels in normal pregnant rats, suggesting that HO enzyme contributes to structural 289 

changes in the uterine mesometrial vasculature. A greater proportion of vascular smooth 290 

muscle in the spiral arteries of rats with reduced HO activity may result in higher 291 

resistance to blood flow in these vessels and subsequently a deficient blood supply to 292 

the placenta and the fetuses. This is the first study showing that HO-CO system is 293 

involved in trophoblast-induced spiral artery remodelling, during late gestation. 294 

Although the ratio of wall to lumen diameter of spiral arteries has been found increased 295 

in pregnant HO-1 deficient mice compared with control animals, these studies were 296 

done during early gestation and they do not include data quantifying trophoblast 297 

invasion (21). In the mouse, this process is also initiated at midgestation, but in contrast 298 

with the rat, the invasion is restricted to the uterine mesometrial decidua and has a lesser 299 

endovascular contribution (17,20). For that reason, despite deep trophoblast invasion in 300 

human pregnancy occurs earlier than in the rat, pregnant rat is considered a better 301 

experimental model than the mouse for studies of uterine remodelling during 302 

pregnancy.  303 

Impaired remodelling of maternal spiral arteries in our study was associated with 304 

significant alterations in uterine haemodynamics, an elevated number (P<0.05) of 305 

reabsorbed pups and higher levels of blood pressure at late gestation, suggesting that the 306 

increase in this parameter, induced by the reduction of HO activity in pregnant rats, may 307 

be a consequence of an increased resistance in the uterine vasculature and insufficient 308 

blood supply to the uteroplacental unit. In this regard, it has been shown that 309 

mechanical reduction in uterine perfusion pressure provokes hypertension in pregnant 310 

rats (22) and mice (23) but not in nonpregnant animals. Although in our study the 311 
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increase in blood pressure observed at late gestation in response to HO inhibition is not 312 

excessive, the results suggest a considerable impairment of vascular adaptation to 313 

gestation. This is supported by the data obtained from non treated pregnant rats showing 314 

values of MAP around 14 mm Hg lower than treated pregnant rats. Finally these results 315 

are also consistent with studies showing that alterations of uterine artery blood flow are 316 

present in women with gestational hypertension and preeclampsia (24).  317 

Uterine haemodynamics in our study was analyzed by Doppler ultrasonography. 318 

Doppler velocities, PSV, EDV, Vm and VTI increased in the uterine and radial arteries 319 

toward the end of pregnancy in normal pregnant rats. However these parameters did not 320 

change in the uterine vessels of rats with decreased HO activity. A progressive increase 321 

in systolic and diastolic velocities through gestation has been found in uterine arteries of 322 

rats and mice (25) indicating a direct relationship between these parameters and the 323 

gradual enhancement of blood flow to the utero-placental unit that occurs during 324 

pregnancy. These findings are consistent with a recent study showing that ligation of 325 

uterine vessels in mice causes a significant decline in uterine artery systolic blood 326 

velocity measured by Doppler ultrasonography (25). In human pregnancy, it has been 327 

reported that PSV and EDV show a marked elevation since early pregnancy, which is 328 

strongly correlated with the duration of gestation, therefore indicating change of 329 

compliance and resistance in the uterine circulation from the first weeks of gestation 330 

(26). On the other hand, Vm in the uterine artery has been also correlated with the 331 

gestational age in pregnant woman, demonstrating that this parameter can be also a 332 

good indicator of uterine vascular perfusion (27).  Taken together, these data would 333 

indicate that a disminished HO activity may lead to an inadequate uteroplacental blood 334 

flow and a suboptimal blood supply to the fetuses. Although the contribution of the HO 335 

system to the uteroplacental circulation adaptation to pregnancy is clear in our study, the 336 

mechanism underlying this effect is unknown.  Similar to our results, several studies 337 

have shown that a defective trophoblast invasion is associated with uterine artery 338 

Doppler alterations (15,28-30). However, uterine and radial arteries do not show 339 

trophoblast invasion. Thus, there are evidences indicating that flow through spiral 340 

arteries is not the only determinant of the Doppler uterine arterial waveform in 341 

pregnancy (3). In this regard, uterine artery waveforms from abdominal pregnancies 342 

show similar changes during gestation as seen in intrauterine pregnancies, despite the 343 

absence of spiral arteries trophoblast invasion (31,32).Therefore, we hypothesized that 344 

HO may be involved in the structural and functional changes observed in uterine and 345 
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radial arteries during pregnancy. During gestation, these vessels undergo enlargement in 346 

calibre and axial growth, which are trophoblast independent and probably mediated by 347 

hypertrophy and hyperplasia of smooth muscle and endothelial cells (2). HO system 348 

could contribute to these structural changes through its actions regulating VEGF levels, 349 

given that this factor induces vasodilation, stimulates endothelial mitosis and it has been 350 

associated with hypervascularization and vascular enlargement (2). This hypothesis is 351 

supported by the study of George et al (13), which have demonstrated that the increase 352 

in blood pressure induced by the administration of SnMP during late gestation is 353 

associated with a significant reduction in VEGF, therefore suggesting that lower levels 354 

of this proangiogenic factor may be mediating altered uterine and radial arteries 355 

remodelling, and uterine vasoconstriction induced by HO activity inhibition. Consistent 356 

with these results, it has also reported that HO-1 induction attenuates the hypertension 357 

and the decreased levels of VEGF induced by placental ischemia, suggesting that 358 

vascular endothelial dysfunction secondary to decreased uterine perfusion pressure 359 

might be improved in response to an inductor of this HO isoform (33). Finally, 360 

disminished levels of CO in response to reduced HO activity may also contribute 361 

directly to the reduction in uterine blood flow observed in our study.  362 

On the other hand, the decrease in uterine blood flow induced by the inhibition 363 

of the HO activity could be partially mediating the alterations in trophoblast dependent 364 

transformation of spiral arteries. In this regard, it has been suggested that 365 

preconditioning of the spiral arteries precedes trophoblast invasion (11), and it has been 366 

reported that some maternal vessels undergo morphological changes without interaction 367 

with these cells (34). Lyall et al (5) demonstrated that HO-2 expression was reduced in 368 

placental endothelial cells of pregnancy disorders as preeclampsia or fetal growth 369 

restriction, suggesting that a reduction in CO levels in these cells could alter spiral 370 

artery dilatation prior to trophoblast invasion. One possible explanation would be that a 371 

reduced uterine blood flow and the shear stress could influence negatively the 372 

interactions between endothelial and vascular smooth muscle cells in the spiral arteries 373 

remodelling process (34). Consistent with this hypothesis it has been reported that 374 

human pregnancies with a low resistance uterine artery flow pattern obtained by 375 

Doppler ultrasound are associated with a more extensive trophoblastic invasion of the 376 

decidual vessels than pregnancies with a high resistance flow pattern (28).  377 

In summary, the data obtained in this study indicate that HO-CO system play an 378 

important role in the adaptation of the uteroplacental circulation and the blood pressure 379 
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regulation during late gestation. Although the mechanisms mediating these effects have 380 

not been fully elucidated in the present study, our results appear to indicate that both 381 

trophoblast dependent and independent processes are involved. We speculate that the 382 

inhibition of the HO activity during late gestation could induce a reduction in uterine 383 

and radial arteries blood flow which may be contributing partly to the altered spiral 384 

arteries remodelling dependent of the trophoblast cell invasion. We also hypothesized 385 

that an increased resistance in the uterine circulation, during the last stages of gestation, 386 

can be a possible cause of the hypertension secondary to the HO activity inhibition.  387 

Further studies are necessary to determine the contribution of HO-CO system to the 388 

structural changes occurring in uterine and radial arteries during late pregnancy, and the 389 

impact that an inadequate transformation of these vessels in response to gestation could 390 

have in pregnancy disorders including hypertension, preeclampsia, and growth 391 

restriction.     392 
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Figure legends 1 
 2 

Figure 1.-Expression of HO-2 and HO-1 at the implantation site through gestation. (A) 3 

Representative Western blot. C means control protein. (B) Quantification of protein 4 

expression using densitometry.  Densitometric values are expressed relative to β-actin 5 

expression.  *=p<0.05 vs. day 8.  6 

 7 

Figure 2.-(A) Mean Arterial Pressure (MAP) in virgin (Vir.) and  pregnant  rats (Preg.)  8 

treated intraperitoneally with vehicle or stannous mesoporphyrin  (SnMP). (B) HO 9 

activity at the implantation site in pregnant rats treated intraperitoneally  with vehicle or 10 

SnMP. *=p<0.05 vs. virgin control rats. †=p<0.05 vs. pregnant control rats.  11 

 12 

Figure 3.- Mesometrial triangle at day 19 of pregnancy of a control pregnant rat (A) and 13 

a pregnant rat treated with SnMP (B) stained for KRT. Arrows on A and B indicate the 14 

localization of the vessel magnified below.  Parallel cross-sections of a spiral artery 15 

inmunostained for KRT, ACTA and PAS from a pregnant control  rat (C,E,G) and from 16 

a pregnant rat treated with SnMP (D,F,H).     17 

 18 

Figure 4.-(A) Doppler flow velocity waveforms obtained at day 19 of gestation in the 19 

uterine and radial arteries of a pregnant control rat (Control) and of a pregnant rat 20 

treated with stannous mesoporphyrin (SnMP). (B) Changes in the uterine artery peak 21 

systolic (PSV) and end diastolic velocity (EDV) from day 14 to day 19 of gestation in 22 

pregnant rats treated with vehicle  or the HO inhibitor, SnMP. (C) Changes in the radial 23 

artery PSV and EDV from day 14 to day 19 of gestation in pregnant rats treated with 24 

vehicle or the HO inhibitor, SnMP. *=p<0.05 vs. day 14 of gestation.  25 

 26 
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Figure Legend
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Table 1.-Mean velocity (Vm) and velocity time integral (VTI) obtained in uterine and 

radial arteries from control pregnant rats and pregnant rats treated with SnMP, at days 

14 and 19 of gestation.*=p<0.05 vs. day 14.†=p<0.05 vs. control pregnant rats. 

 

 

 

 

 Uterine Artery Radial Artery 

 Vm VTI Vm VTI 

 Day 14 Day 19 Day 14 Day 19 Day 14 Day 19 Day 14 Day 19 

Control 
414±19 573±49* 

64±5 86±8* 
100±9 164±12* 

17±2 26±2* 

SnMP 479±21 487±20 73±4 70±1 108±10 112±8 † 17±1 17±1 † 

 

 

 

 

Table
Click here to download Table: Table 1.docx

http://ees.elsevier.com/plac/download.aspx?id=319160&guid=659897fa-ed29-43af-a84d-49434cc28f46&scheme=1


Table 2.- Endovascular trophoblast (EF), fibrinoid (F) and vascular smooth muscle 

(VSM) in spiral arteries of the whole mesometrial triangle of control pregnant rats and 

pregnant rats treated with SnMP, expressed as % of the total spiral artery contour 

length.  

 

 
 Control  SnMP 

% ET 59 ± 5 21 ± 3* 

% F 42 ± 7 22 ± 3* 

% VSM 16 ± 5 33 ± 5* 

 

*=p<0.05 vs. control pregnant rats. 

 

 

Table
Click here to download Table: Table 2.docx

http://ees.elsevier.com/plac/download.aspx?id=319161&guid=fab9adcd-2fee-4569-8538-da65d53eae94&scheme=1
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