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Abstract:  13 

Background: We explored the mechanism underlying exercise-mediated placental 14 

angiogenesis and perinatal outcome using mouse models.  15 

Methods: Three-week-old C57BL/6 female mice were randomly divided into four 16 

experimental groups: standard-chow diet, standard chow diet + exercise, high-fat diet 17 

(HFD), and high-fat diet + exercise. After 13 weeks of exercise intervention, the male 18 

and female mice were caged. Approximately 6-7 pregnant female mice from each 19 

experimental group were randomly selected for body composition, qRT-PCR, 20 

histological, and western blot analysis. The remaining mice were allowed to deliver 21 

naturally, and the perinatal outcome indexes were observed.  22 

Rusults: The results showed that exercise intervention significantly improved the body 23 

composition and glucose tolerance in HFD-fed pregnant mice. The HFD group showed 24 

adipocyte infiltration, placental local hypoxia, and villous vascular thrombosis with a 25 

significant（p < 0.05) increase in the expression of VEGF and ANGPT1 proteins. 26 

Exercise intervention significantly elevated the expression of PPARγ, alleviated 27 

hypoxia and inflammation-related conditions, and inhibited angiogenesis. sFlt-1 28 

mRNA in HFD group was significantly higher than that in SC group（p < 0.05). 29 

Furthermore, the HFD significantly reduced (p < 0.05）the fertility rate in mice. 30 

Conclusions: Thus, HFD aggravates placental inflammation and the hypoxic 31 

environment and downregulates the expression of PPARγ and PPARα in the placenta. 32 

However, exercise intervention can significantly alleviate these conditions. 33 

Keywords: Maternal obesity; Pre-eclampsia; Aerobic exercise; Perinatal outcome; 34 

Angiogenesis 35 
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1. Introduction 37 

Maternal environment, lifestyle and other factors may alter some functions of the 38 

placenta, which may pose potential health risks to the growth and development 39 

trajectory of the fetus; in addition, it is an important factor leading to the metabolic 40 

diseases during pregnancy (Furrer & Handschin, 2015; Genest et al., 2012). 41 

Pre-eclampsia (PE) is a human pregnancy specific disease and is the primary cause of 42 

maternal mortality, affecting around 2 - 8% of the pregnancies, worldwide (Gealekman 43 

et al., 2008). Although the etiology and pathophysiology of PE are unclear, the 44 

significance of placenta in PE pathogenesis is well recognized, as removing placenta 45 

can treat the clinical symptoms of PE (Wasinski et al., 2015). Currently, accumulating 46 

evidence show that shallow placental implantation in early pregnancy is the primary 47 

cause of PE (De Falco, 2012; Gealekman et al., 2008; Kim, Song, & Park, 2015; Nadra 48 

et al., 2010; Portilho N A & Machado., 2018). Furthermore, placental lesions are 49 

caused by the imbalance between pro- and anti-angiogenesis. Angiogenesis is strictly 50 

controlled by positive and negative regulators, such as VEGF, ANGPT, Prl2c2, 51 

Pr17d1, which specifically act on vascular endothelial cells (Fournier et al., 2002; 52 

Gealekman et al., 2008; Tarrade et al., 2001). 53 

In addition, metabolic disorders and insulin resistance associated with maternal obesity 54 

are important risk factors for PE (De Falco, 2012). The maternal obesity is caused by an 55 

unbalanced diet and sedentary lifestyle during pregnancy and a maternal BMI > 30 is 56 

considered as an important risk factor for PE (He et al., 2014). Hence, exercise has 57 

become a necessary measure to prevent and treat obesity, dyslipidemia, gestational 58 

diabetes mellitus and obesity during pregnancy. Exercise can improve mitochondrial 59 

function and increase the oxidative metabolism of fatty acids, and thus, it plays an 60 

important role in controlling the blood glucose level and reducing the inflammatory 61 
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responses during pregnancy (Bishop-Bailey, 2011). Genest and others believe that 62 

exercise before and during pregnancy can promote the growth and development of 63 

placenta by promoting angiogenesis, which may in turn help in the prevention of PE 64 

(Zhang et al., 2017). 65 

Peroxisome proliferator activated receptors (PPARs) belong to the nuclear receptor 66 

superfamily of ligand activated transcription factors, and include PPARα, PPARβ/δ 67 

and PPARγ. They are expressed in endothelial cells and play an important role in the 68 

regulation of cell proliferation, vascular proliferation, inflammation and thrombosis 69 

(Wieser, Waite, Depoix, & Taylor, 2008). Additionally, PPARγ has been shown to play 70 

an important role in the development of placental vascular system (Norheim et al., 71 

2014). Knockout of PPARγ in mice showed early embryonic death due to severe 72 

changes in the placental vascular system (Brosens et al., 2007) that were related to the 73 

imbalance between pro- and anti-angiogenic factors(Fournier et al., 2002). 74 

Furthermore, multiple studies have demonstrated PPARγ to be a therapeutic target for 75 

PE (Barak et al., 1999; Park, Thapa, Lee, Park, & Kim, 2009; Schaiff et al., 2007). In 76 

addition,the imbalance between pro- and anti-angiogenic factors is also one of the 77 

important pathogenesis of PE. Soluble fms like tyrosine kinase-1 (sFlt-1) and placental 78 

growth factor (PIGF) can regulate the function of vascular endothelial cells and affect 79 

the integrity and permeability of vascular walls. The study showed that sFlt-1 in serum 80 

of PE patients increased, while PIGF decreased. SFlt-1 causes vascular endothelial 81 

damage through different mechanisms, leading to the occurrence of PE82 

（Burchardt,2018）. 83 

However, exercise and high-fat diet-mediated endogenous expression of PPARγ in 84 

maternal placenta, and the underlying mechanism affecting the growth and 85 

development of placenta is not clear till date. Our study hypothesized that high-fat diet 86 



 

 

would aggravate placental inflammation and intrauterine hypoxia in mice, and exercise 87 

could significantly improve the expression of placental PPAR and regulate vascular 88 

development. 89 

2. Results 90 

2.1. Maternal Metabolism 91 

The body weight of the maternal mice showed a gradual increase throughout the 92 

pregnancy. Before the second week of pregnancy, the body weight of the mice in high 93 

fat diet (HFD) and high fat diet + exercise (HFD-Ex) groups was significantly higher (p 94 

< 0.05) than those in standard chow diet (SC) and standard chow diet + exercise 95 

(SC-Ex) groups. However, in the last week of the pregnancy, no significant difference96 

（p > 0.05) in the body weight of mice between the groups was observed (Figure 1a). 97 

Furthermore, on the 19
th

 day of pregnancy, body composition analysis demonstrated no 98 

significant difference between SC and SC-Ex groups（SC = 4.01 ± 0.6 g, SC-Ex = 3.60 99 

± 0.64 g）. As shown in Figure 1b, exercise intervention effectively reduced the body fat 100 

of mice in the HFD group (HFD = 7.56 ± 1.59 g, HFD-Ex = 6.10 ± 1.41 g, n = 6 - 7, p < 101 

0.05).The area under the receiver operating characteristic curve (AUC) of the HFD-Ex 102 

group was significantly lower than that of the HFD group, however, it was significantly 103 

higher (p < 0.05 than that of the SC-Ex group（Figure 1d）. Furthermore, the liver index 104 

of the HFD-Ex group was significantly lower （p <0.05）than that of the HFD group, 105 

whereas, the difference was insignificant （p >0.05）when compared to that of the 106 

SC-Ex group（Figure 1e）. 107 

 108 

2.2 Expression of VEGF, ANGPT1, ANGPT2 and sFlt-1 mRNA in placenta 109 



 

 

Compared with SC group, the relative expression of VEGF, ANGPT1, ANGPT2 and 110 

sFlt-1 mRNA in HFD group was significantly increased (P <0.05). Compared with 111 

HFD group, the relative expression of VEGF, ANGPT1, ANGPT2 and sFlt-1 mRNA 112 

in HFD-Ex group decreased significantly (P <0.05). Compared with SC-Ex group, 113 

there was no significant difference in the relative expression of sFlt-1 mRNA in HFD 114 

-Ex group (P >0.05), while the mRNA expression of the other three genes increased 115 

significantly (P <0.05),Figure 2. 116 

 117 

2.3. Expression of Proteins in Maternal Mice Tissues 118 

The expression of PPARγ was significantly higher（p < 0.05） in the HFD-Ex group 119 

than that in the HFD group, however, it was significantly lower（p <0.05）than that in 120 

the SC-Ex group (Figure 3c). Furthermore, no significant difference in PPARα 121 

expression was observed between the exercise intervention groups, whereas it was 122 

significantly higher （p < 0.05）in the SC-Ex group than that in the SC group（Figure 123 

3e）. As shown in Figure 3d, the expression of HIF1α was significantly lower in the 124 

placenta of the HFD-Ex group than that in the HFD group, however it was significantly 125 

higher （p < 0.05）than that in the SC-Ex group. No significant difference （p > 0.05126 

） in TNFα expression was observed between the HFD-Ex and SC-Ex groups (Figure 127 

3f). The placental expression of VEGF and ANGPT1 protein was found to be similar. 128 

These proteins were significantly higher（p <0.05） in the HFD group than in the SC 129 

and HFD-Ex groups, however, no significant difference was observed in their 130 

expression between the exercise groups（Figure 3g and h）. Furthermore, the expression 131 

of PIGF was significantly higher in the HFD-Ex than in the HFD group, however it was 132 



 

 

lower than that in the SC-Ex group (p <0.05). Additionally, the expression of PIGF was 133 

significantly higher (p <0.05) in the SC-Ex group than that in the SC group (Figure 3i). 134 

 135 

2.4. Histopathology of Placental and White Adipose Tissues 136 

Hematoxylin and Eosin (H&E) staining of the placental tissues showed diminished 137 

spongiotrophoblast, labyrinth and decidual layers in the HFD group (especially the 138 

boundary between spongiotrophoblast and labyrinth layer was not clear) compared to 139 

the other three experimental groups. Furthermore, vascular dysplasia and thinner 140 

decidual layer was observed in the HFD group. Additionally, higher number of 141 

erythrocytes in the placental tissue vascular lumen, extravasation of erythrocytes, local 142 

clumps and villous vascular thrombosis were observed in the HFD group（Figure 4A143 

）. In addition, staining of the adipocytes from HFD group mice revealed fat infiltration144 

（Figure 4B）. 145 

 146 

2.5. Perinatal Outcome in Maternal Mice 147 

The maternal mice that were not euthanized were allowed to give birth naturally, and 148 

the length and body weight of pups, and the fertility rate of mice in each group were 149 

observed and recorded. The results indicated no significant difference （p > 0.05）in the 150 

number of pups and their body weight or length across the experimental groups（Figure 151 

5a and c）. Additionally, mice in the HFD group had the lowest fertility rate (45%). 152 

Although, exercise intervention improved the fertility rate of these mice to a certain 153 

extent（60% in HFD-Ex), it was still lower than that of the mice in SC group (76%) 154 

(Figure 5b). Furthermore, compared to the SC group, pups from the HFD group 155 

maternal mice had edema（Figure 5d）. 156 

[A3] Comentário: Please explain (here 

and in figure legend). Fat infiltration of ? 

Tissue remodeling?  

[A4] Comentário: Pregnant mice? 



 

 

 157 

3. Discussion 158 

Placenta is an important organ for the exchange of materials between the fetus and the 159 

mother. The placental blood circulation disorder often leads to pathological states, such 160 

as intrauterine growth retardation and PE (Fournier et al., 2002). Several studies have 161 

confirmed that clinical pregnancy specific diseases, including PE, gestational diabetes 162 

mellitus and intrauterine growth restriction are associated with the deregulation of 163 

PPARs (De Falco, 2012; Forootan et al., 2016; Gealekman et al., 2008; Park et al., 164 

2009; Schaiff et al., 2007). The role of PPARγ in these diseases is particularly well 165 

known (Park et al., 2009). In early pregnancy, PPARγ is mainly expressed in the 166 

invasive trophoblast, whereas in the second trimester of pregnancy, it is mainly 167 

expressed in trophoblast cells. In the third trimester of pregnancy，PPARγ is mainly 168 

located in extravillous cytotrophoblasts and syncytiotrophoblasts and regulates the 169 

production and secretion of placental hormones (Lloyd, Prior, Li, Yang, & Terjung, 170 

2005). PPARγ-knockout mice die due to the defect in placental vascular differentiation 171 

on the 9.5 - 11.5
th

 days of the embryonic development (Brosens et al., 2007) In fact, 172 

PPARγ/ RXRα heterodimer has been shown to play a key regulatory role in embryonic 173 

development (Peeters et al., 2005). Furthermore, PPARγ plays an important role in 174 

embryo implantation. Peeters confirmed that PPARγ ligand reduced the production of 175 

endometrial angiogenic factor, VEGF and hypothesized that the associated pathway 176 

may affect early embryonic angiogenesis (Park et al., 2009). In addition, PPARγ 177 

agonists have been shown to promote myocardial angiogenesis in myocardial 178 

fibroblasts (Evangelista et al., 2015). Thus, these studies suggest that PPAR is required 179 

not only for trophoblast invasion and differentiation, but also for the establishment of 180 

placental transport. However, the role of PPARγ in angiogenesis is controversial. 181 
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Several studies have shown that the activation of PPARγ may inhibit angiogenesis 182 

(Fournier et al., 2002; Park et al., 2009). On the contrary, a few studies have 183 

demonstrated the role of PPARγ in promoting angiogenesis (Forootan et al., 2016). 184 

PPARγ is known to promote angiogenesis by regulating the expression of VEGF in 185 

myocardial tissue and pulmonary capillaries (Chintalgattu, Harris, Akula, & Katwa, 186 

2007). However, whether the different roles of PPARγ depends on specific species or 187 

cell types is yet to be explored.  188 

PPARγ and PPARα exhibit anti-inflammatory effects, mainly by inhibiting NFkB, 189 

AP-1 and STAT (Carter, Ngo Tenlep, Woollett, & Pearson, 2015; Wieser et al., 2008). 190 

Exercise has a similar protective effect from inflammation (Day et al., 2015; Liu et al., 191 

2017). In this study, PPARγ protein expression was shown to be significantly increased 192 

in mouse placenta under exercise intervention. In addition, TNFα expression was found 193 

to be significantly increased in the placenta of pregnant mice from the HFD group. 194 

A significant increase in inflammatory factor, TNF was observed in the placenta of 195 

high-fat fed pregnant rats, however, long-term exercise significantly reduced its 196 

expression. The upregulation of PPARγ upon exercise may be related to the increase in 197 

glucocorticoid secretion. (Wieser et al., 2008). In addition, PPARα showed a similar 198 

trend; a significant increase in placenta was observed after exercise. Further, a few 199 

studies revealed that the abortion rate of PPARα-knockout mice was higher. This could 200 

be due to the imbalance between Th1 and Th2 lymphocytes, which may be related to 201 

the downregulation of Th1-related transcription factors (Leite et al., 2017).The current 202 

study also showed low-fertility rate in HFD group, however, exercise partially reversed 203 

effects of high-fat-induced infertility. Although we failed to observe significant inter 204 

group differences in the body weight and body length of newborn mice, we found that 205 

the fertility rate of HFD group was the lowest, and there were many dystocia in the third 206 
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trimester of pregnancy. In addition to the effects of hormones in the body, there was the 207 

possibility of macrosomia in the fetus, which made delivery difficult. However, the 208 

newborn mice in HFD group showed edema compared with those in SC group, which 209 

may be related to the blood supply of uterus and placenta. With the growth and 210 

development of the offspring, this adverse metabolic effect may become more 211 

significant. 212 

In recent years, VEGF family has been a research hotspot in many disciplines. Its 213 

mechanism is complex and involves many aspects. There have been many studies in 214 

cardiovascular field, tumor vascular remodeling and regulating bone marrow 215 

hematopoietic function(Vaz-de-Macedo， & Clode., 2017). SFlt-1 and PIGF can 216 

regulate the function of vascular endothelial cells. Excessive sFlt-1 in blood 217 

circulation is an important anti angiogenic factor that causes hypertension, proteinuria, 218 

edema and other symptoms in PE patients, and can cause vascular endothelial 219 

damage(Burchardt, 2018). PIGF can promote the development of placental vessels, 220 

and maintain the normal blood supply and function of the placenta during pregnancy. 221 

The synthetic ability of PIGF is weakened, which can reduce the proliferation and 222 

infiltration ability of trophoblasts, cause placental ischemia and hypoxia, and lead to 223 

disease. In this study, sFlt-1 mRNA in HFD group was significantly higher than that 224 

in SC group, But exercise decreased its relative expression in placenta. In addition, 225 

sFlt-1 and VEGF showed a synergistic effect, which inhibited the biological function 226 

of PIGF and caused placental vascular disorders. 227 

Angiogenesis involves the growth of new capillaries in the muscle and other tissues, as 228 

a result of endothelial cell proliferation and migration. Although enhanced number of 229 

capillaries improves the oxygen transport to individual cells, it does not lead to an 230 

overall increase in muscle blood flow, because of the resistance in the circuit, upstream 231 
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of capillaries. Although hemodynamic and tissue mechanical tension are behind the 232 

increased  angiogenesis, ischemia is considered to be the primary stimulant of 233 

angiogenesis (Tarrade et al., 2001). Angiogenesis is an adaptive physiological 234 

response to hypoxia in vivo and in vitro. Hypoxia inducible factors (HIFs) are the key 235 

mediators of angiogenesis and are responsible for activating several angiogenic factors 236 

(Portilho N A & Machado., 2018; Schaiff et al., 2007). The formation of the vascular 237 

network of the placenta is important for the normal supply and exchange of blood, 238 

nutrients and oxygen to the fetus. Our histopathological analysis showed an increased 239 

number of red blood cells in the placental vascular cavity of HFD mice, suggesting 240 

intrauterine hypoxia, red blood cell extravasation and villous vascular thrombosis to a 241 

certain extent（Figure 4A）. Furthermore, H&E staining of adipocytes from the HFD 242 

group showed fat infiltration（Figure 4B）. Thus, these findings suggest that high-fat 243 

diet leads to maternal obesity during pregnancy, chronic inflammation of placenta, and 244 

intrauterine hypoxia. 245 

Angiogenesis is regulated by a variety of growth factors, such as angiotensin, VEGF, 246 

PIGF, and Angpt1 (Sassa et al., 2004; Seneviratne et al., 2016). VEGF is a potent 247 

vascular permeability factor for endothelial cells and is expressed in villous 248 

syncytiotrophoblasts and extravillous cytotrophoblasts. Angpt1 is a vascular-derived 249 

growth factor secreted by endothelial cells. It has a similar role to that of VEGF in the 250 

development, differentiation and degeneration of blood vessels, and plays a key role in 251 

tumor proliferation, invasion, and metastasis (Sassa et al., 2004; Seneviratne et al., 252 

2016; Tarrade et al., 2001). Multiple studies have confirmed the increased serum levels 253 

of VEGF and Angpt1 in placental trophoblastic disease and tumor patients, indicating 254 

the association of pro-angiogenesis factors with these diseases (Barak et al., 1999; 255 

Zhang et al., 2017). In the current study, VEGF and Angpt1 had a similar expression 256 



 

 

pattern in the placenta of pregnant mice （Figure 3g and h）with higher levels in the 257 

HFD group than in the HFD-Ex and SC groups. However, PIGF expression showed an 258 

opposite trend compared to that of VEGF(Figure 3i). PIGF has an autocrine effect on 259 

trophoblast cell function and paracrine effect on blood vessel growth. In addition, it is 260 

also a differential indicator for predicting PE. In the current study, exercise before and 261 

during pregnancy significantly enhanced the expression of maternal placental PIGF, in 262 

both HFD and SC groups.  263 

Furthermore, can these angiogenesis-related phenomena be explained by maternal 264 

obesity, low physical activity or metabolic disorder, leading to intrauterine 265 

inflammation and hypoxia, followed by the decrease in PPARγ expression and the 266 

combined action of PPARγ and HIF1α to activate the angiogenic factors? Is this 267 

vascular proliferation a compensatory physiological change or adaptation, and does it 268 

increase the risk of macrosomia in offspring, without affecting the body weight and 269 

length of the pups? Exercise is known to promote the health of the mother and offspring 270 

during the pregnancy (Bolat et al., 2010; Rajia, Chen, & Morris, 2013). However, there 271 

are very few reports on improving PPARγ-mediated placental angiogenesis. The usage 272 

of rosiglitazone (a PPARγ agonist) in pregnant mice has been shown to reduce the 273 

thickness of the cavernous trophoblast and the surface area of the labyrinth vascular 274 

system, and modulate the expression of proteins and accumulation of fatty acids 275 

involved in placental development (Yessoufou, Hichami, Besnard, Moutairou, & Khan, 276 

2006).This is counterproductive. Exercise during pregnancy is a non-invasive 277 

treatment for obese pregnant women, which can effectively control weight and improve 278 

pregnancy outcomes. For the way of exercise during pregnancy, researchers believe 279 

that swimming is the most appropriate, because water is an effective medium for heat 280 

dissipation. The pressure of water can accelerate the blood dynamics in the body, 281 



 

 

increase the blood volume per unit time, and therefore increase the blood supply of the 282 

fetus. In addition, swimming is relatively safe compared with other types of sports, and 283 

the sports system does not have to bear the extra load brought by weight gain during 284 

pregnancy. However, whether forced swimming is suitable for pregnant mice may have 285 

adverse effects on the emotional and spiritual stimulation of animals. In addition, we 286 

used 30 minutes of swimming training during pregnancy. Whether the intensity 287 

reached the standard of "Target Heart Rate" or not, it is also necessary to continue to 288 

conduct in-depth group controlled trials. 289 

4. Materials and Methods 290 

4.1. Animals and Diet 291 

A total of 120 female and 60 male C57BL/6 mice, aged 3 weeks were purchased from 292 

the Shanghai SLAC Animal Center (license No.: syxk 2015-0009). The mice were 293 

housed in the Experimental Animal Research Center (SPF level), Shanghai University 294 

of Sports, and maintained in an environmentally controlled vivarium with temperature 295 

ranging from 65 - 70 ˚F and a 12-h light/dark cycle. The study was approved by the 296 

Animal Experiment Ethics Committee of Jiaxing University. (2020-6) 297 

After one week of adaptation to SC diet, the female mice were randomly divided into 298 

four groups: standard-chow diet (SC, 12% kcal fat, Jiangsu Xietong, China), 299 

standard-chow diet + exercise (SC-Ex), high-fat diet (HFD, 45% kcal fat, Research 300 

Diets ,USA), high-fat diet + exercise (HFD-Ex). HFD feeding for 16 weeks, there was 301 

no special restriction on dietary intake throughout the study. The male mice were fed 302 

with standard diet and were not subjected to exercise. 303 

4.2. Swimming Exercise Intervention 304 

In the current study, we conducted a swimming (phased weight-bearing) exercise 305 

intervention on female mice, as described by Wasinsk (Yancopoulos et al., 2000). The 306 



 

 

self-made swimming pool for mice was 50 cm long, 40 cm wide, and 40 cm deep with 307 

the water temperature maintained at 30 ± 1 ℃. Exercise intervention was carried out 13 308 

weeks before pregnancy and 3 weeks during pregnancy. The training frequency was 309 

five days a week and the exercise plan was as follows: 10 min in the first week and 20 310 

min in the second week; 10 min was added every week until 60 min when the mice 311 

could complete swimming without the load in the 6
th

 week. Subsequently, 3% 312 

weight-bearing swimming was started in the 7
th

 week. The initial time was 30 min, and 313 

then, 5 min was added every week until 60 min when the mice could complete 314 

swimming with weight in the 13
th

 week. The swimming intensity was reduced 315 

moderately during cage closing and pregnancy, without load for 30 min each time. The 316 

mice in the quiet control group were immersed in a water tank with the same water 317 

temperature and a water depth of 3 cm, to induce stress caused by water and 318 

experimental personnel. 319 

4.3. Mating and Pregnancy Calculation 320 

After 13 weeks of exercise intervention, male and female mice were caged at a ratio of 321 

1:2. The cage closing duration was 1-5 days, and vaginal suppository was checked daily 322 

at 8 am and 5 pm to evaluate the fertilization of female mice. The fertilized female mice 323 

were separated from the male mice and fed in a single cage, and the day of fertilization 324 

was considered as the first day of pregnancy (F1). The body weight of the female mice 325 

during the pregnancy was monitored daily and the animals not showing significant 326 

increase in their body weight by the 14
th

 day of pregnancy were excluded from the 327 

study (Salihu, De La Cruz, Rahman, & August, 2012). 328 

4.4. Glucose Tolerance Test (GTT) and Body Composition Analysis 329 

GTT was performed on the 14
th

 day of pregnancy. After 12 h of fasting, blood was 330 

collected from the caudal vein, and glucose was injected at a dose of 1 g/kg 331 



 

 

(Sinopharm, China). The test time points were 0, 15, 30, 60 or 120 min after injection. 332 

The AUC was calculated using the Area Below Curve function of SigmaPlot 12.0. 333 

Furthermore, on the 19
th

 day of pregnancy, 6 - 7 maternal mice from each group were 334 

randomly selected for body composition analysis. After isoflurane inhalation 335 

anesthesia, IRIS-CT（Inviscan SAS, France）was used for whole body scanning to 336 

assess various parameters including lean body weight and fat volume. Fat weight was 337 

calculated as follows: Fat volume × 0.95. 338 

4.5. Tissue Extraction  339 

Euthanasia was performed immediately after the analysis of body composition. 1% 340 

Pentobarbital Sodium for intraperitoneal anesthesia. Perirenal fat, liver, fetal mice and 341 

placental tissues were immediately removed. The placenta and adipose tissues were 342 

collected randomly from each female mouse and fixed in 4% paraformaldehyde 343 

solution. Liver tissue was weighed after extraction and liver index was calculated by 344 

dividing the weight of the liver by the body weight. Other tissues were frozen in liquid 345 

nitrogen following extraction and stored at -80 ℃ until further use. The blood samples 346 

were collected, maintained at room temperature for 30 min, and then serum was 347 

separated by centrifugation at 4000 rpm for 5 min, and stored at -80 ℃ . 348 

4.6 Determination of Angiogenesis Gene mRNA in Placenta 349 

Total RNA of placenta was extracted by Trizol. Measure the concentration of total 350 

RNA and synthesize cDNA after reverse transcription, Determination of 351 

VEGF,ANGPT1,ANGPT2,sFlt-1 mRNA expression by qRT-PCR.The internal 352 

reference gene was GAPDH, forward primer 5’ -GGTTGTCTCCTGCGACTTCA-3’, 353 

reverse primer 5’ -TAGGGCCTCTCTTGCTCAGT-3’, VEGF forward primer 5’ 354 

-GCACATAGAGAGAATGAGCTTCC-3’,reverse primer 5’ -CTCCGCTCTGAACA 355 

AGGCT -3’, ANGPT1 forward primer 5’ -TGCACTAAAGAAGGTGTTTTGCT -3’, 356 



 

 

reverse primer 5’ -CCGGTGTTGTATTACTGTCCAA-3’,ANGPT2 forward primer 357 

5’-CCTCGACTACGACGACTCAGT-3’,reverse primer 5’-TCTGCACCACATTCT 358 

GTTGGA-3’, sFlt-1 forward primer 5’-GCACCTTGGTTGTGGCTGACT-3’, reverse 359 

primer 5’ -GGGCCCGGGGGTCTCATTATT-3’.The qRT-PCR amplification reaction 360 

condition is set as 50℃ for 2 min × 1 cycle,95 ℃ 10 min × 1 cycle,95 ℃ 15 s × 40 cycles. 361 

GAPDH was used as internal parameter. RQmin, Rqmax and Ct values was 362 

automatically analyzed by the software, and 2
-△△Ct

 was used for correlation 363 

quantification. The Primer BLAST function of PUBMED homepage was used to 364 

design relevant primers, and Shanghai Sangon Biotechnology Co., Ltd. was entrusted 365 

to synthesize primer sequences.  366 

4.7.Immunoblotting 367 

The frozen placenta was thawed, washed with radioimmunoprecipitation assay buffer 368 

(p0013b, Beyotime, China), and cut into 2 - 3 mm pieces, followed by homogenization 369 

and ultrasonication. Then, the supernatant was used for the quantification of protein 370 

concentration using bicinchoninic acid assay (p0010s, Beyotime, China). The protein 371 

samples were separated with 8 - 10% sodium dodecyl sulfate polyacrylamide gel 372 

electrophoresis, transferred to polyvinylidene fluoride membrane, washed with TBST 373 

buffer thrice for 5 min each time, and then blocked with 5% skimmed milk for 2 h. The 374 

samples were then incubated with primary antibodies against PPARγ（CST, #2443, 53 375 

kDa, 1:1000）, PPARα（abcam, ab3484, 52 kDa, 1:1000）, ANGPT1（abcam, ab8451, 376 

57 kDa, 1:500）, VEGF（abways, CY2367, 28 kDa, 1:1000）, β-actin（abways, AB0033, 377 

42 kDa, 1:5000）, HIF1α（CST, #36169, 120 kDa, 1:1000）, PIGF/PIGF（abcam, 378 

ab196666, 25 kDa, 1:500）, TNFα（CST, #3707, 17 kDa, 1:1000）at 4 ℃ for 10 h. 379 

After washing thrice, the samples were incubated with  secondary antibody (abways, 380 



 

 

1:10000) at room temperature for 1 h. The bands were captured using enhanced 381 

chemiluminescence detection reagent and Tanon imaging system (Tanon-5200Multi, 382 

Shanghai, China). 383 

4.8. Histological Analysis of Placental and White Adipose Tissues 384 

White adipose and placental tissues were fixed with 4% paraformaldehyde solution for 385 

48 h and rinsed with running water for 10 min. The tissue blocks were trimmed and the 386 

placental tissue was cut along the vertical axis. The tissue sections were then 387 

dehydrated with gradient alcohol (50% at room temperature for 12 h, 75% at room 388 

temperature for 1 h, 85% at 60 ℃ for 1 h, twice with 95% at 60℃ for 45 min, and twice 389 

with 100% at 60 ℃ for 15 min), and xylene transparent (100% alcohol and xylene 390 

mixture for 30 min, xylene Ⅰ for 30 min, and xylene Ⅱ for 10 min). After wax dipping 391 

(xylene paraffin solution for 1 h, low wax at 48 - 50 ℃ for 1 h, high wax at 56 - 60 ℃ for 392 

3 h), paraffin embedding was performed, the tissue sections were marked, cut, and then 393 

dried at 37 ℃ for 12 h. After drying, the tissue sections were dewaxed with xylene and 394 

gradient alcohol, washed with running water for 3 min, and then stained with H&E. The 395 

images were captured following resin sealing. The borders of the layer were drawn 396 

manually using Photoshop CS6 software. 397 

4.9. Statistical Analysis 398 

All statistical analyses were performed using SPSS 19.0 software, and the data were 399 

expressed as mean ± standard error. The effects of diet and exercise on female mice 400 

were analyzed using two-way analysis of variance and the results with p < 0.05 were 401 

considered statistically significant. Image J software was used for protein band 402 

analysis, and GraphPad prism 5 software was used for analyzing the differences 403 

between the glucose tolerant groups. 404 

5. Conclusions 405 



 

 

High-fat diet exacerbated placental inflammation and hypoxic environment and 406 

downregulated the expression of PPARγ and PPARα proteins in the placenta. 407 

However, these conditions were significantly improved by exercise. Furthermore, 408 

high-fat diet increased the secretion of placental angiogenic factors, which may be a 409 

short-term compensatory physiological adaptation. Additionally, our results indicated 410 

that high-fat diet and low physical activity reduces the fertility rate in mice, without 411 

affecting other perinatal outcomes. 412 

  413 
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Figure Lagends 557 

Figure 1. Metabolism of maternal mice on the 19
th

 day of pregnancy. (a) Body weight. 558 

(b) Body fat. (c) Glucose tolerance. (d) Area under the receiver operating characteristic 559 

curve (AUC). (e) Liver index. *p < 0.05 denotes the significant effect of different diets, 560 

#p < 0.05 denotes the significant effect of exercise intervention. The body weight was 561 

measured on the day of fertilization (F1), monitored once a week in the following two 562 

weeks, and monitored daily in the last week. 563 

Figure 2. Expression of VEGF, ANGPT1, ANGPT2 and sFlt-1 mRNA in placenta.（a）564 

VEGF mRNA.（b）ANGPT1 mRNA.（c）ANGPT2 mRNA.（d）sFlt-1 mRNA. *p 565 

< 0.05 denotes the significant effect of different diets, #p < 0.05 denotes the significant 566 

effect of exercise intervention. 567 

Figure 3. Expression of proteins in maternal mice fed with different diets. (a and b) 568 

Protein bands. (c) PPARγ/β-actin. (d) Hif1α/β-actin. (e) PPARα/β-actin. (f) 569 

TNFα/β-actin. (g) VEGF/β-actin. (h) ANGPT1/β-actin. (i) PIGF/β-actin. *p < 0.05 570 

denotes the significant effects of different diets; #p < 0.05 denotes the significant 571 

effects of exercise intervention. 572 

Figure 4. Histological staining of placental and white adipose tissues.（A）573 

Hematoxylin and Eosin (H&E) staining of placental tissues (40×). （Aa）SC. （Ab）574 

SC-Ex.（Ac）HFD. （Ad）HFD-Ex.（B）H&E staining of adipose tissues (400×). （Ba）575 

SC. （ Bb ） SC-Ex. （ Bc ） HFD. （ Bd ） HFD-Ex. La, Labyrinth layer; Sp, 576 

Spongiotrophoblast layer; D, Decidual layer. H&E staining of placental tissue in HFD 577 

group showed that the boundary between spongy trophoblast and labyrinth layer was 578 

unclear, decidual layer became thinner, the number of red blood cells increased, and 579 

adipocytes infiltrated. 580 



 

 

Figure 5. Perinatal outcome. (a) Body weight and length of F1 progeny. (b) Fertility 581 

rate of female mice（%）. (c) Number of pups. (d) Newborn mice, edema was observed 582 

in the HFD group. The fertility rate is calculated by dividing the number of normally 583 

delivered females by the total number of females in this group. pups from the HFD 584 

group had edema. 585 

 586 


