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Abstract

:

Simple Summary


The main point of this review was to describe most of the mechanisms of the biology of trophoblast cells and neoplastic cells, which point out some similarities between them and the way in which both complex metabolic states could interfere with each other. We show the need for more studies about cancer during pregnancy. In addition, the magnitude of how tumour factors can interfere with the course of pregnancy and affect the foetus’s nutrition and health is the most important point that should be studied to better understand and improve treatment for this complex condition. In this context, we have highlighted the importance of maternal nutritional supplementation with leucine, a branched-chain amino acid that improves the placenta’s metabolism and protects the mother and foetus against the harmful effects of cancer during pregnancy.




Abstract


Cancer during pregnancy is rarely studied due to its low incidence (1:1000). However, as a result of different sociocultural and economic changes, women are postponing pregnancy, so the number of pregnant women with cancer has been increasing in recent years. The importance of studying cancer during pregnancy is not only based on maternal and foetal prognosis, but also on the evolutionary mechanisms of the cell biology of trophoblasts and neoplastic cells, which point out similarities between and suggest new fields for the study of cancer. Moreover, the magnitude of how cancer factors can affect trophoblastic cells, and vice versa, in altering the foetus’s nutrition and health is still a subject to be understood. In this context, the objective of this narrative review was to show that some researchers point out the importance of supplementing branched-chain amino acids, especially leucine, in experimental models of pregnancy associated with women with cancer. A leucine-rich diet may be an interesting strategy to preserve physiological placenta metabolism for protecting the mother and foetus from the harmful effects of cancer during pregnancy.
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1. Introduction


Cancer can occur in association with other pathologies and physiological states, such as obesity, ageing, and pregnancy [1,2,3]. Cancer associated with pregnancy occurs in one per 1000–2000 pregnancies [4,5,6], and the most common types are breast cancer, melanoma, cervical cancer, lymphoma, and acute leukaemia [7,8,9]. Cancer during pregnancy is considered to occur when a diagnosis is made during the course of pregnancy or up to one year after delivery [10]. As women are postponing pregnancy, the incidence of cancer during pregnancy is increasing [3].



This complex condition results in a worse prognosis and needs more investigation to provide better treatment for both patients, hopefully treating the mother without harming the foetus heath [2,5]. During the first trimester of pregnancy, chemotherapy is not recommended due to a high risk for congenital malformation [10]. Therefore, some chemotherapeutic drugs during the second or third trimester of pregnancy are possible and highly recommended, as long as the mother and foetus are monitored throughout treatment by a highly specialised multidisciplinary team [6,11,12,13].



Since tumour cells and trophoblastic cells share similarities in the biological processes [14,15], there is strong evidence that tumour-induced effects could affect the placental function [16]. The placenta is the centre of pregnancy control, secreting hormones and managing all metabolic processes and functional adjustments. Furthermore, it is necessary to promote blood flow and provide adequate nutrients, gas exchange, and excretion of the foetus [17]. Failures in placenta formation can promote damage and impairment of the foetus and embryo development, as observed in some pathologies such as hypertension, metabolic syndrome, obesity, preeclampsia, and cancer [18,19,20]. Moreover, the placenta contributes to foetal programming, which can be responsive to alterations in the placenta. This can result in adulthood outcomes such as impairment in the synthesis of hormones, and consequently, in metabolic and cardiovascular diseases [21].



In this sense, since maternal nutritional support is critical to conceptus development, some evidence has shown that placental damage occurs in cancer during pregnancy [19,22]. However, more studies are needed, especially with regard to nutritional strategies to mitigate the deleterious tumour effects on the placenta, as well as how a leucine-rich diet has shown promising results in experimental models for both the mother and foetus. [23,24,25]. Therefore, the present article aimed to describe a narrative review on the relationship of placental effects in cancer cells, and vice versa, as well as how leucine participates in modulating their interaction.




2. Placenta and Cancer


2.1. Placental Physiology


The placenta is a highly active transient organ that is formed by blastocyst invasion into the uterine endometrium. It forms in a controlled process of cellular proliferation and differentiation of placental trophoblastic cells [23,26]. Syncytialisation is among the different types of functions of trophoblasts and cytotrophoblast cells. This process is the most critical event for haemochorial placentation, which is characteristic of rodents and humans. During the placenta formation, cytotrophoblast cells fuse and differentiate into syncytiotrophoblasts (STBs) [27], which are the interface between the mother and foetus.



The placenta has many essential functions, such as foetal nourishment, protection against the maternal immune system, and important endocrine functions that sustain the pregnancy [22,28,29]. The placenta tissue secretes main hormones such as chorionic gonadotropin (hCG), oestrogen, progesterone, leptin, placental lactogen, and placental alkaline phosphatase, as well as some growth factors that control the course of the pregnancy [29]. The placenta cells can also be regulated by glucocorticoids, insulin, and growth factors, resulting in modulation of the placenta activity [30,31].



The STB cells are able to manage and uptake nutrients like glucose, amino acids, and fatty acids provided by the mother. These nutrients are used for the cells’ own metabolism and transport, or they are metabolised for the foetus [28]. Between 70–75% of the O2 consumed by the placenta generates adenosine triphosphate (ATP) by mitochondrial oxidative phosphorylation using various substrates, including carbohydrates, amino acids, and probably certain volatile fatty acids. Another interesting point is that the placenta’s glucose consumption corresponds to up to 80% of the glucose provided by the mother’s blood, while the rapid foetal growth is only supported by 20%. In placenta tissue, a key protein called mammalian target of rapamycin (mTOR) is highly activated for not only protein synthesis and cell division, but also the management of the transport and metabolic pathways of the amino acids to support the foetus development, in addition to producing and converting amino acids for its own activity [32]. During placenta formation, with trophoblastic cell invasion, the maternal endometrium arteries are rearranged, forming new blood vessels. This creates a vascular system that can supply the embryo with nutrients, provide gas exchange, and enable foetal excretion [33].



Many hormones are crucial to placenta formation, such as oestrogens, which are involved in trophoblast invasion, development processes, and the stimuli of angiogenesis [34]. Progesterone is an essential hormone for blastocyst implantation, which is essential for the maternal immune response and the reduction of uterine contractility [35]. hCG is extremely important in implantation and nidation and is also related to angiogenesis and the suppression of the myometrium contractions, thus maintaining the pregnancy [36]. This glycoprotein hormone is responsible for development and seems to have evolutionary similarities to some pathways found in cancer cells [37]. In the same evolutionary context, hCG participates in promoting communication between the mother and foetus by enabling extremely invasive placentation [38].




2.2. Similarities between Cancer and Placenta Development


Cancer and placenta cells share many similarities regarding growth, multiplication, death resistance, immune modulation, and invasion, and most of these processes have similar proteins and pathways [14]. In cancer cells, some mechanisms are specific for nutrient supply, energy sources, growth, and proliferation [39]. Similar to placenta physiology, which responds to insulin for growth, cancer cells overexpress the insulin receptor, which is highly responsive and promotes rapid growth. This leads to the activation and alteration of the metabolic pathways of glucose, lipids, and proteins [40].



To support this rapid growth, cancer cells have a unique way of consuming energy. Cancer cells prioritise the consumption of glucose by the glycolysis pathway, producing lactate and two ATP molecules, even in the presence of oxygen. This unique glycolytic metabolism of tumour cells is known as the Warburg effect. In addition to the ineffective process in producing high amounts of ATP, the Warburg effect provides advantages to tumour cells, such as quickly providing large amounts of cellular building blocks, including ribose for nucleotides through the pentose phosphate pathway. The effect also provides environmental acidification, which assists the tumour’s progression [41].



Likewise, glucose and essential and nonessential amino acids are necessary for cancer and placenta cell proliferation. Amino acids are important for their role as a metabolite and structural source for growth and cellular proliferation. The protein metabolism that induces synthesis in cancer cells and cooperates with their growth and proliferation is also essential for placenta cells. In this case, mTOR is important as cancer cells reprogram their metabolism to be sustained even with scarce nutrients or in stressful environments. mTOR is responsible for protein, lipid, and other synthesis pathways and is normally activated by the presence of growth factors or nutrients in the case of the placenta or is overactivated in cancer cells [42].



Regarding the similarities between tumour cells and placenta formation, there is some evidence that the tumorigenesis could be related to the change of characteristics present in mature cells to the embryonic characteristics, which are responsible for modulation of the maternal immune system [43]. Some studies have stated that the tumoural characteristics for forming metastasis are concerned with the same trophoblast invasion pattern during the placentation process. The evidence for this occurring in both metastasis and the placentation processes includes mechanisms related to angiogenesis, extracellular matrix degradation, and the expression of specific adhesion molecules [44]. Concerning this point, some studies have proposed that the mechanisms used by trophoblastic cells during implantation are also used by tumour cells to invade and spread throughout the body [44]. These similar mechanisms are related to integrins, extracellular matrix (ECM), and the matrix metalloproteinases (MMPs, which are endopeptidases that enzymatically digest certain proteins in the extracellular matrix) [43]. The invasive trophoblastic cells give an invasive behaviour to the embryo and overexpress specific integrins such as α5β1, which is characteristic of a haemochorial placenta [45]. Therefore, some metastatic cells lose some specific integrins related to direct basement membranes, while they overexpress α5β1 integrin and the αvβ3 receptor [46]. The positive regulation of αvβ3 integrin is associated with the invasive and metastatic phenotype expressed in metastatic melanomas and not expressed in noninvasive melanomas [43]. This altering of the integrin expression mechanism is also responsible for activating the trophoblastic cells’ metalloproteinases. Like trophoblastic cells, tumour cells also express a specific MMP, MMP-7, which is a type of metalloproteinase that degrades the ECM [43]. The change in integrin and MMP release plays an essential role in tissue remodelling of trophoblastic cells and endometrial cells. Studies have supported the notion that ECM changes promoted by the activation of tumour MMP can stimulate cell migration and invasion, leading to metastasis [47].



The ability of placental cells to invade the endometrium depends not only on their invasive behaviour, but also on the responses of the endometrium to suppress this invasion and control the immune system [44]. Therefore, some studies have explained that tumour cells’ ability to invade and spread occurs before the existence of the placenta, since some animals without haemochorial placentation, such as marsupials, already have metastatic cancer [48]. Therefore, it is proposed that the metastatic characteristic of tumour cell metastasis depends not only on the invasive cell behaviour, but also on the body’s ability to oppose metastatic invasion, which is derived from the endometrium.



One study correlated the types of placentation (secondary epitheliochorial and haemochorial) and the incidence of cancer metastasis [44]. It was shown that some species that acquired the secondary characteristic of epithelial placentas (such as cattle and horses) have a minor incidence of metastasis compared to those with haemochorial placentation (such as humans, rodents, cats, and dogs), which show a major incidence of cancer metastasis. Thus, there is positive pleiotropy between a maternal capacity to suppress trophoblast invasion, as occurs in cattle and horses, and a lower incidence of metastatic tumours [44]. Similar molecular mechanisms of cancer and trophoblastic cellular machinery and similar pathways are important for understanding the possible effects that cancer cells could have on placenta cells, and vice versa. Some of these similarities are described in the following subsections.



2.2.1. Hypoxia-Inducible Factor Signalling


A similar process to be highlighted is related to hypoxia-inducible factor (HIF), which is activated and overexpressed in cases of tumours and the uterus environment in the state of hypoxia. However, the main difference is between the integrity and function of regulatory processes, which are usually absent in neoplastic cells [14]. The hypoxic environment found in a tumour environment is essential for its invasiveness [49]. In cancer cells, HIF is not only activated in oxygen shortages, but is also stimulated by other proteins, such as mTOR, which interacts with many receptors of tyrosine kinase, whose ligands are growth factors [50]. Another remarkable characteristic is the degradation or lack of expression of HIF regulators, such as phosphatase and tensin homolog (PTEN), p53, and other antitumoural components that block its activity. The absence of these leads to HIF transcription factors activating many genes that promote changes in the cellular metabolism, interfering in many pathways related to angiogenesis and promoting tumour growth and metastasis [51].



A hypoxic environment with approximately 5% O2 is necessary to promote trophoblast invasion and differentiation [52]. In this scenario, the foetus and placenta depend on HIF to respond to a lower O2 level in the environment. When hypoxia is recognised, the HIFα subunits are translocated into the nucleus to bind with the aryl hydrocarbon receptor nuclear translocator (ARNT) (the HIFβ subunit), promoting the activation of transcription and regulating genes related to placenta formation [53,54]. It has been demonstrated that impaired development of the placenta in the absence of HIF alpha and beta components results in unviability of the embryo [52].




2.2.2. Placenta-Specific Protein-1 Signalling


Other evidence that points to the similarity between cancer development and placenta formation is the expression of placenta-specific protein-1 (PLAC-1). PLAC-1 is expressed in human and mouse trophoblasts. PLAC-1 has an essential role in the regulation of placenta development, especially in trophoblast growth and differentiation [55], which are responsible for trophoblast cell migration and invasion [56]. It also has a role in trophoblastic syncytialisation [27], which is important for the activity of the placenta. This protein also is responsible for embryo formation since the trophocyte invasion into the endometrium needs an angiogenesis process [55].



PLAC-1 also plays an important role in neuron development, particularly foetal brain development [55,57,58,59,60]. During embryo implantation, the trophocyte invasion into the endometrium and blood vessel formation is influenced by PLAC-1, which is very similar to the growth, invasion, and migration of tumours [56]. Thus, despite trophoblastic cells, PLAC-1 is not found in healthy and differentiated cells except for some cancer cells. In these cases, this protein might help cancer cells to mimic the early stages of placental development. Some trophoblastic characteristics are shown in this case, such as immunomodulation pathways regarding chemokines and immunotolerance, which help tumour growth [61]. PLAC-1 is found in colorectal cancers and non-small cell lung cancer (NSCLC). In these types of tumours, PLAC-1 is directly related to tumorigenesis and aggressiveness, which are involved in the processes of cellular proliferation, migration, and invasion [62]. However, the molecular pathways in which PLAC-1 participates in the trophoblastic invasion and differentiation with similar processes in cancer cells are not totally clear.




2.2.3. Placenta Growth Factor


Another molecular similarity between cancer and the placenta is the placenta growth factor (PlGF), a glycoprotein secreted and found in STBs and decidua cells. PlGF belongs to the family of vascular endothelial growth factors (VEGFs) and increases during all stages throughout the course of pregnancy, except during labour. It acts in several tissues, such as the placenta, heart, vessels, and skeletal muscle. The main action is developing angiogenesis and maintaining the blood vessels through direct action, and indirectly by VEGF [63,64]. Thus, in some cancer cells, PlGF can alter certain tumorigenic characteristics and worsen the prognosis and survival in cancer patients [65]. PlGF helps angiogenesis and is present in tumoural tissues at a higher level compared to healthy tissues. The expression levels of PlGF in tumour tissues compared to nontumour tissues are also higher in many other types of cancer, including breast, bladder, prostate, and colon cancer. This corresponds to a higher degree of lymph node invasion in these patients [65,66].



Cancer and the placenta’s relation is even more complex, since both can affect each other’s functionality. Some pregnancy hormones released by trophoblasts (such as hCG, oestrogen, progesterone, and placental lactogen) can induce cancer onset and promote the progression and malignancy of tumour cells [67,68,69,70]. Some cancers can also promote placental damage, leading to harm to the foetus, such as IUGR and premature births [16,23,24].




2.2.4. Cancer Response Due to Placental Factors


The study of the effects of pregnancy-released products on cancer cells are rare and hardly ever explored. However, some effects can be listed regarding the pregnancy hormones secreted by trophoblasts.




2.2.5. hCG Effects in Cancer Cells


hCG is a hyperglycosylated molecule that is important for the endometrial implantation of trophoblasts and for the course of pregnancy. Some studies have shown that the elevation of hCG in early pregnancy is related to small fibroids, which are precursors of leiomyomas [67]. The possible correlation between hCG and leiomyoma development could be explained by the similarities of the β-chain of hCG to LH, which can stimulate the same receptors [71]. The myoblast LH/hCG receptor expression is increased at a specific time of pregnancy and depressed in the moment of labour [72]. Also, the presence of messenger RNA (mRNA) of these LH/hCG receptors was observed in leiomyomas. hCG seems to increase the number of fibroid cell numbers and stimulate myometrial cell proliferation [67].



hCG is also important for tumours due to the angiogenic and immunogenic function. It is also an important biomarker in cancer [73]. The action of hCG in choriocarcinoma cells promotes their invasion, which characterises a poor prognosis of patients. Nevertheless, some tumour cells, such as bladder cancer cells, can produce hCG, leading to higher progression and malignancy [74]. hCG in testicular cancer is also well known and was detected in the cyst fluid of cyst germinomas, craniopharyngiomas, and pituitary adenomas [68]. This evidence shows that hCG is produced in a healthy state, as in pregnancy, but has a linear relation to tumourigenic activity and aggressiveness, promoting tumour growth when secreted by cancer cells.




2.2.6. Oestrogen, Progesterone, and Other Factors Related to Pregnancy That Affect Cancer Cells


Besides the functions in reproduction, brain function, and bone density, oestrogen is related to various cancer types, especially breast cancer. Additionally, breast cancer can be masked during pregnancy since the mammary gland development is more influenced by enhanced oestrogen levels [75]. The main action of oestrogen is a higher capacity to stimulate cell proliferation and progression [69]. Oestrogen also promotes the expression of c-myc, a transcription factor encoded by the proto-oncogene c-myc, which is responsible for cell viability and growth [76]. Moreover, oestrogen can stimulate cyclin D1, an important cell regulator responsible for integrating extracellular signals and cell cycle progression, and it becomes an oncogene when deregulated [77]. Oestrogen is also responsible for the inhibition of the upregulation of antiapoptotic proteins Bcl-2 and Bcl-x [69,78]. An oestrogen-responsive cancer can be affected not only by oestrogen, but also by other growth factors present in the physiological adaptation of pregnancy. For example, the transmembrane glycoprotein mucin-1 (MUC-1) present in the maternal–foetal interface is secreted by uterine cells and is responsible for maintaining trophoblastic cells. It is very similar to the MUC-1 produced in breast cancer [79]. Moreover, other studies showed that women diagnosed with breast cancer up to the first five years postpartum were identified to have more aggressive subtypes of tumours, such as luminal B-like and triple-negative breast cancer, and they had worse clinical prognosis [80,81].



In an experimental model, high expression of P63 (a transcript factor homologous to P53) played an important role in increasing the risk of breast cancer. A study in mice showed that p63 induces differentiation and self-renewal in breast epithelial cells that emerge after pregnancy [80,82]. In young pregnant women with breast cancer, the most common type of tumour is invasive ductal carcinoma, which is found in 80–90% of cases and corresponds to a higher prevalence of hormone-receptor (HR)-negative status, human epidermal growth factor receptor 2 (HER2)-positive status, and Ki67-positive status [83,84].



Progesterone has great importance for reproductive physiology and other functions, such as neuroprotection, neurogenesis, and regulation of the immune system [70]. Many studies have reported the preventive function of progesterone in women’s health during pregnancy and in the long term. During pregnancy, placental secretion of oestrogen and progesterone is essential for mammary gland differentiation and growth, acting as protective components against breast cancer [75]. Furthermore, other studies have also demonstrated a protective effect of progesterone in relation to the risk of breast cancer and other types of cancer [82]. There is a positive correlation of higher progesterone levels in early pregnancy with lower risk of ER+/PR+ breast tumours. In addition, higher oestrogen levels and lower progesterone levels are correlated with a higher risk of breast cancer [75,79,85]. Nevertheless, ER+/PR+ cancer cells have some interferences from other hormones like testosterone [85].



In addition to breast cancer, studies have suggested that the expression of ER-α and PR in cancer cells can be used as a guide in the evaluation of the prognosis of diseases, such as colon cancer and lung cancer [86,87]. The lack of ER-β and the presence of ER-α are related to an impairment of the patient outcome and tumour progression, with no relation to the presence of PR [86]. The expression of ER in colon tumour cells is different between pregnant and nonpregnant patients. The nonfunctioning of the P53 protein, relating to the tolerance of the maternal immune system and the role of cyclooxygenase (COX-2), is a contributing factor to the progressing of colon cancer [88]. Most of this correlation comes from findings that point to a higher concentration of COX-2 in colon tumour cells [89]. Another study showed that the lack of ER-α/ER-β [90] and PR is related to the presence of growth factors and prostaglandins from the pregnancy state, which could boost tumour growth. Then, the angiogenic factors released by the placenta, such as TGF-b, can induce an angiogenic process that favours tumour growth. Subsequently, the tumour growth could also be influenced by the immunosuppressive state in pregnancy [91]. These points emphasise the need for more studies on colon cancer biology and the relation of oestrogen and progesterone to patient prognosis [86].





2.3. Placental Impairment Due to Cancer Association


Concerning all the similarities between cancer growth and the formation of the placenta, our previous findings have shown impairments of the placenta due to the presence of cancer [16,92,93]. There is no doubt about the importance of placenta formation to the success of foetal growth and development. Therefore, placental impairment could promote foetal growth restriction (FGR) or intrauterine growth restriction (IUGR), which can be associated with cancer, as these two situations require high nutritional support [94,95]. However, most studies evaluating the consequences of cancer during pregnancy are done with an experimental model [16,92,93].



Some of our previous findings have shown impairment of the placenta due to the presence of cancer or some tumour factors, such as proinflammatory cytokines interleukin-6 (IL-6), interferon-gamma (IFN-γ), and tumour-necrosis factor (TNFα) [24]. One of these studies evaluated the consequences of cancer in pregnant rats and showed that placenta protein and total DNA content were decreased, as well as a reduction in the labyrinth zone in the presence of cancer. This shows an impairment of the exchange between the placenta and foetus [16,24,96]. Furthermore, a negative correlation was found between the placental and foetal weight in a tumour-bearing rat group, suggesting an inefficient placenta compared to a non-tumour-bearing rat group [16]. The tumour consequences in this experimental model also showed effects on foetus growth and metabolism, jeopardising the foetal viability and inducing foetal resorption (as in abortion in women). Associated with these damages was a deep reduction in serum protein, albumin, glucose, and skeletal muscle protein synthesis in the foetus as harmful effects of the tumour development [86].



Previous research with an experimental model showed that tumour factors, such as proteolysis-inducing factor (PIF), and pro-inflammatory cytokines, such as IL-6 and TNF-α, could jeopardise the placenta tissue, impairing the connection between the dams and foetus [24]. These cytokines can influence the placenta’s integrity and function, interfere in foetal programming, and lead to DNA damage in hematopoietic cells from the uterus. This could put the child at a high risk of leukaemia [97]. In our previous study, we evaluated a trophoblastic cell line—BeWo, in cultures exposed to PIF; these trophoblastic cells had increased DNA damage and oxidative stress, showing the direct damage effect of tumour growth [32,51].



The correct interactions between immune cells and the placenta are important to guarantee the formation and vascularisation function of the maternal/foetal unit [98,99]. Both placental and cancer development have similar characteristics regarding immune tolerance, which can promote body invasion and proliferation processes. Increased vessel resistance, for example, occurs through unnatural interactions between natural killer cells (NKs), which reside in the decidua layer bordering trophoblasts. This leads to abnormal implantation and the higher release of mast cell granules, which could alter the vascular net in the placenta [100]. In the same way, cancer plays an important modulation role in the immune system, helping neoplastic cells develop and spread to other organs. A low concentration of some cytokines, such as TGF-β, is a factor in pretumour suppression. However, an elevated concentration of TGF-β associated with the anti-inflammatory IL-10 can act as stimulatory factors for tumour proliferation [91]. Interferon-gamma (IFN-γ) has a dual role in tumour progression, inhibiting it when at low levels and promoting at high levels. Meanwhile, IFN-γ and IL-10 are significantly higher in normal pregnancy to protect the trophoblasts from the mother’s immune response. Thus, cancer has some similar growth to foetus development, utilising similar immune system modulation mechanisms for its own growth [101].



In order to avoid the immune system, trophoblast cells express some subtypes of the histocompatibility complex (HLA, such as nonclassical subtypes HLA-C, HLA-E, and HLA-G [102]). These are not recognised by the maternal T cells and lead to success of the pregnancy. Similarly, cancer can avoid attack from the immune cells because these cancer cells lack the expression of HLA, class I, which occurs through a genetic or epigenetic process [103,104]. They show pre-existing self-tolerance pathways [102], which are a common mechanism in the human body to avoid autoimmunity. This autoimmune mechanism depends on when the development process of T cells in the thymus does not recognise self-antigens/MHC complexes through the thymocytes receptors or by peripheric tolerance mechanisms that are related to the lack of T cell proliferation in response to antigen stimulation [105].



In the case of the placenta, the incorrect procedures of some pathways regarding the immune tolerance and the immune system in some placental structural processes can lead to diseases such as intrauterine growth restriction, spontaneous abortion, and congenital infection [106]. Another example is related to melanoma, which can spread metastasis to the placenta. Most of the mothers die at approximately seven months in these cases, which shows the importance of more studies in this area [107]. Metastasis in the foetus is extremely rare, with only six reported cases [108], including melanomas, lung cancer, and lymphomas. These cases occur because of a nonfunctional activity of the placenta and the lack of a foetal immune system, which is mainly related to tumour effects [108,109]. However, the interference of the immunological system changes in the context of pregnancy associated with cancer, and the cancer-cell-induced damage in the placenta needs further studies.



Therefore, considering that cancer promotes damage to the placenta, the importance of studying it resides not only in the mother and foetus’s health, but also in discovering mechanisms that could contribute to new therapies. Although chemotherapy and radiotherapy treatments are considered incompatible with pregnancy, recent studies recommended conventional cancer treatments during pregnancy [6,110]. Surgical interventions can be performed at any time during pregnancy, except genital cancer surgeries, which are still a challenge [6,111]. During the second and third trimesters, the placenta provides protection from the effects of chemotherapy, acting as a barrier. Thus, some chemotherapeutic drugs, such as doxorubicin, cyclophosphamide, and 5-fluorouracil, can be safely administered with no apparent damage to the foetus or newborn [110,112]. However, Berveiller and colleagues demonstrated a low transplacental transfer of the chemotherapeutic drug paclitaxel, but pointed out that a long-term exposure could lead to accumulation of this drug in the placenta and a possible release into the foetal circulation. In addition, the authors showed that the administration of this chemotherapy during pregnancy downregulated the transcription of ABC and SLC transporters in the placenta and significantly increased the expression of ATP7B/WND—placental transporters that regulate the cell efflux of the chemotherapeutic drugs [113]. Moreover, IUGR was related to oxidative damage to trophoblastic cell DNA, such as 8-hydroxy-2′-deoxyguanosine (8-OHdG), in pregnant women exposed to chemotherapy for more than 196 days of gestation [11]. Thus, the apoptosis process in the epithelial layers of amnion and corium trophoblast may be directly facilitated by exposure to chemotherapy [110], which jeopardises the interaction between placenta and foetus. Then, further studies are needed to understand the consequences of chemotherapy on changes in the regulation of these placental transporters, and the consequences for both placenta and foetus. Although it is recommended to initiate cancer treatment during pregnancy, especially for diagnosis of advanced cancer, foetuses exposed to chemo and/or radiotherapy have a high rate of premature birth, which is associated with long-term morbidities and impaired cognition [110,114]. Indeed, the effects of chemotherapy during pregnancy show new areas for further studies on the epigenetic effects in adult offspring [110]. Most of the affected pathways presented in this review are summarised in Table 1.



Other coadjutant therapies are important to administer to patients with cancer to improve their prognosis. In this scenario, nutritional supplementation with leucine could be an interesting approach. With an experimental model of cancer, some preclinical studies have shown some positive effects of a leucine-rich diet on placenta tissue and foetal health [16,23,24,96]. Although preclinical studies show positive results with leucine, to our knowledge, until now, no study has investigated the role of leucine in pregnant patients with cancer.





3. Leucine-Rich Diet as a Potential Treatment


Cancer during pregnancy is a condition that requires treatment to improve health for both the mother and foetus. However, to decide which treatment strategies are needed in each case, both of them must be evaluated individually by a multidisciplinary medical team, including obstetricians, gynaecologists, oncologists, paediatricians, and psychologists [116]. Different modalities should be analysed regarding the treatments, such as surgery, chemotherapy, radiological, and nutritional treatments for each patient [117].



Nutritional supplementation with leucine could be beneficial as a co-adjuvant treatment for preserving both the mother and foetus. Leucine is an essential branched-chain amino acid (BCAA), like valine and isoleucine, acting as a signalling molecule that stimulates protein synthesis by activating the mTOR pathway in skeletal muscle, adipose tissue [118], and placenta cells [16,23,24]. The effects of leucine, such as anabolic stimulus, are already known in younger people, adults, and the elderly, in whom it assists the increase in skeletal-muscle protein synthesis [119,120]. However, dietary leucine supplementation studies in the context of cancer during pregnancy need to be enhanced. Most of these studies were preclinical assays.



In the ovine uterus, mTOR pathway stimulation by leucine regulates cell growth, mainly affecting the protein translation in response to the availability of nutrients and growth factors [121]. Thus, leucine guarantees mTOR pathway maintenance, which was essential for cellular growth and proliferation in the uterus and placenta tissue in an experimental model with rats [122]. However, in the pathological state of cancer, changes in mTOR signalling can be harmful, affecting protein translation and cellular metabolism [32,123]. mTORC1 is a protein complex that is activated by the inhibition of the inhibitory complex tuberous sclerosis proteins 1 and 2 (TSC 1/2) through protein kinase B (Akt). It can integrate extracellular signals transduced by kinases in protein synthesis by the activation of ribosomal protein S6 kinase beta-1 (S6K1) and eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1), which leads to protein synthesis [66]. Our previous studies have shown that leucine can modulate the damage effects in cancer, improving the responses of these upstream (Akt) and downstream (S6K1 and 4EBP1) proteins and activating mTOR in placental tissue [16,23,24].



Cancer during pregnancy could lead to a nutritional competition between the foetus and tumour cells, and the damage of the tumoural factors can compromise the placenta, contributing to the impairment of the foetal development [24]. Foetal growth and maternal physiological adaptations during pregnancy require an acceptable amount of nutrients to ensure a healthy pregnancy. In pregnant rats, tumoural factors such as PIF, IL-6, and TNF-α could promote a reduction of amino acid uptake by the placenta, which has been evidenced by low activation of mTOR pathway in this tissue [16,24,32]. As mentioned above, a leucine-rich diet is beneficial to minimise the deleterious effects of lean mass loss induced by the evolution of tumour growth [115]. In addition, in an experimental mouse model of cancer-induced cachexia (murine colon adenocarcinoma (MAC16)) during pregnancy, we also demonstrated that a leucine-rich diet decreased foetal resorption, recovered foetal weight, and modulated mTOR expression in placental cells [24,124]. Our study observed that in pregnant mice treated with PIF obtained from MAC16 tumour, skeletal muscle spoliation occurred, which indicates that tumour factors promote deleterious effects to healthy tissues and foetal tissues [23,24]. Additionally, the leucine-rich diet minimised some deleterious parameters found in tumour-bearing mice injected with tumour factor PIF. This reinforces that this amino acid has a protective effect in the case of unhealthy conditions promoted by tumour development [24].



Moreover, some experiments involving lactating sows demonstrated that nutritional supplementation with BCAAs increased the release of amino acids in milk [125], whereas amino-acid-deficient diets (especially in leucine) decreased milk synthesis through mTOR deactivation. Furthermore, a lack of BCAAs impairs foetal development, jeopardising muscle development since BCAAs are necessary for mTOR activation [126]. Moreover, a diet supplemented with BCAAs, mainly with leucine, may prevent IUGR by activating mTOR via IGF-1/2 signalling in the foetus’s liver [127]. Furthermore, studies in mice have demonstrated the BCAAs’ importance in embryonic implantation, improvement of the blastocyst quality, and trophectoderm motility [128].



Leucine can also interfere with the offspring’s epigenetic programming in rats when the mothers are fed a leucine-rich diet during pregnancy and breastfeeding. The adult offspring of tumour-bearing rats had a reduction in cachectic state, avoided muscle loss and impairment of protein synthesis, and minimised protein degradation. These epigenetic effects were also found in morphometric parameters, such as food intake, triglycerides, and serum levels of albumin and globulin. This led to the maintenance of the gastrocnemius muscle due to the upregulation of the mTOR activity [129,130,131]. Thus, leucine has been demonstrated to be a potential co-adjuvant therapy in animal models. However, more clinical studies are necessary to learn about how leucine could modulate deleterious cancer effects in pregnant women.




4. Conclusions


Due to its great magnitude of importance, cancer during pregnancy needs further elucidation regarding the similarities, differences, and also the consequences of the conventional therapy in order to find new drugs and conducts for better treatment of the mother and foetus. As preclinical studies have shown, leucine supplementation could be a co-adjuvant therapy as it effectively maintains the mTOR pathway in animal models, minimising some damage effects in the placenta and foetus in the context of cancer (Figure 1). However, further clinical studies in this area are needed to elucidate how the communication between cancer and physiology in pregnancy works, as well as the effect of leucine on trophoblastic and cancer cells, especially in humans.







Author Contributions


Conceptualization, M.d.M.S.O., C.d.M.S., L.R.V. and M.C.C.G.-M.; writing—original draft preparation, M.d.M.S.O. and C.d.M.S.; writing—review and editing, M.d.M.S.O., C.d.M.S., L.R.V. and M.C.C.G.-M.; supervision, L.R.V. and M.C.C.G.-M.; project administration, L.R.V. and M.C.C.G.-M.; funding acquisition, M.C.C.G.-M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by FAPESP (Fundação de Amparo à Pesquisa do Estado de São Paulo #2015/21890-0; #2017/02739-4; #2018/20637-7), CAPES (Coordenação de Aperfeiçoamento de Pessoal de Nível Superior), and CNPq (Conselho Nacional de Desenvolvimento Cientifico e Tecnológico #302524-2016-9, #301771/2019-7).




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Acknowledgments


The authors gratefully thank R.W. Santos for technical support and Ajinomoto Brazil (Sao Paulo, Brazil) for the donation of leucine. The authors are also thankful to the University of Campinas for all the support.




Conflicts of Interest


The authors declare that they have no known competing financial interests or personal relationships that could have influenced the work reported in this paper.




References


	



Kolb, R.; Sutterwala, F.S.; Zhang, W. Obesity and cancer: Inflammation bridges the two. Curr. Opin. Pharmacol. 2016, 29, 77–89. [Google Scholar] [CrossRef]

	



Pereg, D.; Koren, G.; Lishner, M. Cancer in pregnancy: Gaps, challenges and solutions. Cancer Treat. Rev. 2008, 34, 302–312. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Meng, X.; Chen, Y.; Leng, S.X.; Zhang, H. The Biology of Aging and Cancer: Frailty, Inflammation, and Immunity. Cancer J. 2017, 23, 201–205. [Google Scholar] [CrossRef] [PubMed]

	



McCormick, A.; Peterson, E. Cancer in Pregnancy. Obstet. Gynecol. Clin. N. Am. 2018, 45, 187–200. [Google Scholar] [CrossRef] [PubMed]

	



Zagouri, F.; Dimitrakakis, C.; Marinopoulos, S.; Tsigginou, A.; Dimopoulos, M.A. Cancer in pregnancy: Disentangling treatment modalities. ESMO Open 2016, 1, 1–6. [Google Scholar] [CrossRef]

	



Amant, F.; Han, S.N.; Gziri, M.M.; Vandenbroucke, T.; Verheecke, M.; Van Calsteren, K. Management of cancer in pregnancy. Best Pract. Res. Clin. Obstet. Gynaecol. 2015, 29, 741–753. [Google Scholar] [CrossRef] [PubMed]

	



Puzzi-Fernandes, C.; Surita, F.G.; Schettini, C.S.; Parpinelli, M.A.; Guida, J.P.; Costa, M.L. Awareness towards an increasing concern during pregnancy: Maternal and perinatal outcomes of women with cancer. Am. J. Obstet. Gynecol. MFM 2020, 2, 100168. [Google Scholar] [CrossRef] [PubMed]

	



Peccatori, F.A.; Azim, J.A.; Orecchia, R.; Hoekstra, H.J.; Pavlidis, N.; Kesic, V.; Pentheroudakis, G. Cancer, pregnancy and fertility: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2013, 24, vi160–vi170. [Google Scholar] [CrossRef]

	



Triunfo, S.; Scambia, G. Cancer in pregnancy: Diagnosis, treatment and neonatal outcome. Minerva Ginecol. 2014, 66, 325–334. [Google Scholar] [PubMed]

	



Benardete-Harari, D.N.; Kershenovich-Gersson, J.; Meraz-Ávila, D.; Galnares-Olalde, J.A.; Olaya-Guzmán, E.J. Use of chemotherapy during pregnancy. Rev. Med. Inst. Mex. Seguro Soc. 2016, 54, 752–758. [Google Scholar] [PubMed]

	



de Haan, J.; Verheecke, M.; Van Calsteren, K.; Van Calster, B.; Shmakov, R.G.; Mhallem Gziri, M.; Halaska, M.J.; Fruscio, R.; Lok, C.A.R.; Boere, I.A.; et al. Oncological management and obstetric and neonatal outcomes for women diagnosed with cancer during pregnancy: A 20-year international cohort study of 1170 patients. Lancet Oncol. 2018, 19, 337–346. [Google Scholar] [CrossRef]

	



Walsh, E.M.; O’Kane, G.M.; Cadoo, K.A.; Graham, D.M.; Korpanty, G.J.; Power, D.G.; Carney, D.N. Is chemotherapy always required for cancer in pregnancy? An observational study. Ir. J. Med. Sci. 2017, 186, 875–881. [Google Scholar] [CrossRef] [PubMed]

	



Dekrem, J.; Van Calsteren, K.; Amant, F. Effects of fetal exposure to maternal chemotherapy. Pediatr. Drugs 2013, 15, 329–334. [Google Scholar] [CrossRef]

	



Macklin, P.S.; McAuliffe, J.; Pugh, C.W.; Yamamoto, A. Hypoxia and HIF pathway in cancer and the placenta. Placenta 2017, 56, 8–13. [Google Scholar] [CrossRef] [PubMed]

	



Burton, G.J.; Jauniaux, E.; Murray, A.J. Oxygen and placental development; parallels and differences with tumour biology. Placenta 2017, 56, 14–18. [Google Scholar] [CrossRef] [PubMed]

	



Cruz, B.L.G.; da Silva, P.C.; Tomasin, R.; Oliveira, A.G.; Viana, L.R.; Salomao, E.M.; Gomes-Marcondes, M.C.C. Dietary leucine supplementation minimises tumour-induced damage in placental tissues of pregnant, tumour-bearing rats. BMC Cancer 2016, 16, 58. [Google Scholar] [CrossRef]

	



Burton, G.J.; Fowden, A.L.; Thornburg, K.L. Placental origins of chronic disease. Physiol. Rev. 2016, 96, 1509–1565. [Google Scholar] [CrossRef]

	



Kappen, C.; Kruger, C.; MacGowan, J.; Salbaum, J.M. Maternal diet modulates placenta growth and gene expression in a mouse model of diabetic pregnancy. PLoS ONE 2012, 7, e38445. [Google Scholar] [CrossRef] [PubMed]

	



Chaiworapongsa, T.; Chaemsaithong, P.; Yeo, L.; Romero, R. Pre-eclampsia part 1: Current understanding of its pathophysiology. Nat. Rev. Nephrol. 2014, 10, 466–480. [Google Scholar] [CrossRef] [PubMed]

	



Mol, B.W.J.; Roberts, C.T.; Thangaratinam, S.; Magee, L.A.; De Groot, C.J.M.; Hofmeyr, G.J. Pre-eclampsia. Lancet 2016, 387, 999–1011. [Google Scholar] [CrossRef]

	



Sferruzzi-Perri, A.N.; Camm, E.J. The programming power of the placenta. Front. Physiol. 2016, 7, 33. [Google Scholar] [CrossRef] [PubMed]

	



Boss, A.L.; Chamley, L.W.; James, J.L. Placental formation in early pregnancy: How is the centre of the placenta made? Hum. Reprod. Update 2018, 24, 750–760. [Google Scholar] [CrossRef]

	



Viana, L.R.L.R.; Gomes-Marcondes, M.C.C. Leucine-Rich Diet Improves the Serum Amino Acid Profile and Body Composition of Fetuses from Tumor-Bearing Pregnant Mice1. Biol. Reprod. 2013, 88, 1–8. [Google Scholar] [CrossRef]

	



Viana, L.R.; Gomes-Marcondes, M.C.C. A leucine-rich diet modulates the tumor-induced down-regulation of the MAPK/ERK and PI3K/Akt/mTOR signaling pathways and maintains the expression of the ubiquitin-proteasome pathway in the placental tissue of NMRI mice. Biol. Reprod. 2015, 92, 49. [Google Scholar] [CrossRef]

	



Cruz, B.; Oliveira, A.; Ventrucci, G.; Gomes-Marcondes, M.C.C. A leucine-rich diet modulates the mTOR cell signalling pathway in the gastrocnemius muscle under different Walker-256 tumour growth conditions. BMC Cancer 2019, 19, 349. [Google Scholar] [CrossRef]

	



Hobson, N.; Schmidt, U.; McArthur, S. Development of Human Blastocysts, 2nd ed.; Elsevier Inc.: Amsterdam, The Netherlands, 2012; ISBN 9780123854735. [Google Scholar]

	



Chang, W.; Wang, H.; Cui, L.; Peng, N.; Fan, X.; Xue, L.; Yang, Q. PLAC1 is involved in human trophoblast syncytialization. Phytochem. Lett. 2016, 16, 218–224. [Google Scholar] [CrossRef] [PubMed]

	



Staud, F.; Karahoda, R. Trophoblast: The central unit of fetal growth, protection and programming. Int. J. Biochem. Cell Biol. 2018, 105, 35–40. [Google Scholar] [CrossRef]

	



Costa, M.A. Scrutinising the regulators of syncytialization and their expression in pregnancy-related conditions. Mol. Cell. Endocrinol. 2016, 420, 180–193. [Google Scholar] [CrossRef] [PubMed]

	



Cuffe, J.S.M.; Dickinson, H.; Simmons, D.G.; Moritz, K.M. Sex specific changes in placental growth and MAPK following short term maternal dexamethasone exposure in the mouse. Placenta 2011, 32, 981–989. [Google Scholar] [CrossRef] [PubMed]

	



Pérez-Pérez, A.; Guadix, P.; Maymó, J.; Dueñas, J.L.; Varone, C.; Fernández-Sánchez, M.; Sánchez-Margalet, V. Insulin and Leptin Signaling in Placenta from Gestational Diabetic Subjects. Horm. Metab. Res. 2015, 48, 62–69. [Google Scholar] [CrossRef] [PubMed]

	



Roos, S.; Powell, T.L.; Jansson, T. Placental mTOR links maternal nutrient availability to fetal growth. Biochem. Soc. Trans. 2009, 37, 295–298. [Google Scholar] [CrossRef] [PubMed]

	



Sato, Y. Endovascular trophoblast and spiral artery remodeling. Mol. Cell. Endocrinol. 2020, 503, 110699. [Google Scholar] [CrossRef]

	



Cantonwine, D.E.; McElrath, T.F.; Trabert, B.; Xu, X.; Sampson, J.; Roberts, J.M.; Hoover, R.N.; Troisi, R. Estrogen metabolism pathways in preeclampsia and normal pregnancy. Steroids 2019, 144, 8–14. [Google Scholar] [CrossRef]

	



Di Renzo, G.C.; Giardina, I.; Clerici, G.; Brillo, E.; Gerli, S. Progesterone in normal and pathological pregnancy. Horm. Mol. Biol. Clin. Investig. 2016, 27, 35–48. [Google Scholar] [CrossRef]

	



Schumacher, A.; Zenclussen, A.C. Human Chorionic Gonadotropin-Mediated Immune Responses That Facilitate Embryo Implantation and Placentation. Front. Immunol. 2019, 10, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Acevedo, H.F. Human chorionic gonadotropin (hCG), the hormone of life and death: A review. J. Exp. Ther. Oncol. 2002, 2, 133–145. [Google Scholar] [CrossRef] [PubMed]

	



Theofanakis, C.; Drakakis, P.; Besharat, A.; Loutradis, D. Human Chorionic Gonadotropin: The Pregnancy Hormone and More. Int. J. Mol. Sci. 2017, 18, 1059. [Google Scholar] [CrossRef] [PubMed]

	



Argilés, J.M.; Busquets, S.; Stemmler, B.; López-Soriano, F.J. Cancer cachexia: Understanding the molecular basis. Nat. Rev. Cancer 2014, 14, 754–762. [Google Scholar] [CrossRef] [PubMed]

	



Vigneri, R.; Goldfine, I.D.; Frittitta, L. Insulin, insulin receptors, and cancer. J. Endocrinol. Investig. 2016, 39, 1365–1376. [Google Scholar] [CrossRef]

	



Abdel-wahab, A.F.; Mahmoud, W.; Al-harizy, R.M. Targeting Glucose Metabolism to Suppress Cancer Progression; Elsevier Ltd: Amsterdam, The Netherlands, 2019; ISBN 0020102403554. [Google Scholar]

	



Mossmann, D.; Park, S.; Hall, M.N. mTOR signalling and cellular metabolism are mutual determinants in cancer. Nat. Rev. Cancer 2018, 18, 744–757. [Google Scholar] [CrossRef] [PubMed]

	



Murray, M.J.; Lessey, B.A. Embryo implantation and tumor metastasis: Common pathways of invasion and angiogenesis. Semin. Reprod. Endocrinol. 1999, 13, 275. [Google Scholar] [CrossRef] [PubMed]

	



D’Souza, A.W.; Wagner, G.P. Malignant cancer and invasive placentation: A case for positive pleiotropy between endometrial and malignancy phenotypes. Evol. Med. Public Health 2014, 2014, 136–145. [Google Scholar] [CrossRef] [PubMed]

	



Lanteri, E.; Pistritto, M.; Bartoloni, G.; Cordaro, S.; Stivala, F.; Montoneri, C. Expression of α6 and β4 integrin subunits on human endometrium throughout the menstrual cycle and during early pregnancy. Fertil. Steril. 1998, 69, 37–40. [Google Scholar] [CrossRef]

	



Danen, E.H.; Jansen, K.F.; Van Kraats, A.A.; Cornelissen, I.M.; Ruiter, D.J.; Van Muijen, G.N. Alpha v-integrins in human melanoma: Gain of alpha v beta 3 and loss of alpha v beta 5 are related to tumor progression in situ but not to metastatic capacity of cell lines in nude mice. Int. J. Cancer 1995, 61, 491–496. [Google Scholar] [CrossRef]

	



Stracke, M.L.; Murata, J.; Aznavoorian, S.; Liotta, L.A. The role of the extracellular matrix in tumor cell metastasis. In Vivo 1994, 8, 49–58. [Google Scholar] [PubMed]

	



Freyer, C.; Zeller, U.; Renfree, M.B. The marsupial placenta: A phylogenetic analysis. J. Exp. Zool. Part A Comp. Exp. Biol. 2003, 299, 59–77. [Google Scholar] [CrossRef]

	



Balamurugan, K. HIF-1 at the crossroads of hypoxia, inflammation, and cancer. Int. J. Cancer 2016, 138, 1058–1066. [Google Scholar] [CrossRef]

	



Courtnay, R.; Ngo, D.C.; Malik, N.; Ververis, K.; Tortorella, S.M.; Karagiannis, T.C. Cancer metabolism and the Warburg effect: The role of HIF-1 and PI3K. Mol. Biol. Rep. 2015, 42, 841–851. [Google Scholar] [CrossRef] [PubMed]

	



Mimeault, M.; Batra, S.K. Hypoxia-inducing factors as master regulators of stemness properties and altered metabolism of cancer- and metastasis-initiating cells. J. Cell. Mol. Med. 2013, 17, 30–54. [Google Scholar] [CrossRef] [PubMed]

	



Fryer, B.H.; Simon, M.C. Hypoxia, HIF and the Placenta. Cell Cycle 2006, 5, 495–498. [Google Scholar] [CrossRef]

	



Maltepe, E.; Krampitz, G.W.; Okazaki, K.M.; Red-Horse, K.; Mak, W.; Simon, M.C.; Fisher, S.J. Hypoxia-inducible factor-dependent histone deacetylase activity determines stem cell fate in the placenta. Development 2005, 132, 3393–3403. [Google Scholar] [CrossRef]

	



Adelman, D.M.; Gertsenstein, M.; Nagy, A.; Simon, M.C.; Maltepe, E. Placental cell fates are regulated in vivo by HIF-mediated hypoxia responses. Genes Dev. 2000, 14, 3191–3203. [Google Scholar] [CrossRef]

	



Wang, X.; Baddoo, M.C.; Yin, Q. The placental specific gene, PLAC1, is induced by the Epstein-Barr virus and is expressed in human tumor cells. Virol. J. 2014, 11, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Chang, W.; Yang, Q.; Zhang, H.; Lin, H.; Zhou, Z.; Lu, X.; Zhu, C.; Xue, L.; Wang, H. Role of placenta-specific protein 1 in trophoblast invasion and migration. Reproduction 2014, 148, 343–352. [Google Scholar] [CrossRef]

	



Silva, W.A.; Gnjatic, S.; Ritter, E.; Chua, R.; Cohen, T.; Hsu, M.; Jungbluth, A.A.; Altorki, N.K.; Chen, Y.T.; Old, L.J.; et al. PLAC1, a trophoblast-specific cell surface protein, is expressed in a range of human tumors and elicits spontaneous antibody responses. Cancer Immun. 2007, 7, 1–9. [Google Scholar]

	



Fant, M.; Weisoly, D.L.; Cocchia, M.; Huber, R.; Khan, S.; Lunt, T.; Schlessinger, D. PLAC1, a trophoblast-specific gene, is expressed throughout pregnancy in the human placenta and modulated by keratinocyte growth factor. Mol. Reprod. Dev. 2002, 63, 430–436. [Google Scholar] [CrossRef] [PubMed]

	



Massabbal, E.; Parveen, S.; Weisoly, D.L.; Nelson, D.M.; Smith, S.D.; Fant, M. PLAC1 expression increases during trophoblast differentiation: Evidence for regulatory interactions with the fibroblast growth factor-7 (FGF-7) axis. Mol. Reprod. Dev. 2005, 71, 299–304. [Google Scholar] [CrossRef]

	



Rawn, S.M.; Cross, J.C. The evolution, regulation, and function of placenta-specific genes. Annu. Rev. Cell Dev. Biol. 2008, 24, 159–181. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, H.; Wang, X.; Shi, C.; Jin, L.; Hu, J.; Zhang, A.; Li, J.; Vijayendra, N.; Doodala, V.; Weiss, S.; et al. Plac1 Is a Key Regulator of the Inflammatory Response and Immune Tolerance in Mammary Tumorigenesis. Sci. Rep. 2018, 8, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Yang, L.; Zha, T.Q.; He, X.; Chen, L.; Zhu, Q.; Wu, W.B.; Nie, F.Q.; Wang, Q.; Zang, C.S.; Zhang, M.L.; et al. Placenta-specific protein 1 promotes cell proliferation and invasion in non-small cell lung cancer. Oncol. Rep. 2018, 39, 53–60. [Google Scholar] [CrossRef]

	



Lecarpentier, É.; Vieillefosse, S.; Haddad, B.; Fournier, T.; Leguy, M.-C.; Guibourdenche, J.; Tsatsaris, V. Placental growth factor (PlGF) and sFlt-1 during pregnancy: Physiology, assay and interest in preeclampsia. Ann. Biol. Clin. 2016, 74, 259–267. [Google Scholar] [CrossRef]

	



Knöfler, M. Critical growth factors and signalling pathways controlling human trophoblast invasion. Int. J. Dev. Biol. 2010, 54, 269–280. [Google Scholar] [CrossRef]

	



Wei, S.C.; Tsao, P.N.; Yu, S.C.; Shun, C.T.; Tsai-Wu, J.J.; Wu, C.H.H.; Su, Y.N.; Hsieh, F.J.; Wong, J.M. Placenta growth factor expression is correlated with survival of patients with colorectal cancer. Gut 2005, 54, 666–672. [Google Scholar] [CrossRef]

	



Parr, C.; Watkins, G.; Boulton, M.; Cai, J.; Jiang, W.G. Placenta growth factor is over-expressed and has prognostic value in human breast cancer. Eur. J. Cancer 2005, 41, 2819–2827. [Google Scholar] [CrossRef] [PubMed]

	



Sarais, V.; Cermisoni, G.C.; Schimberni, M.; Alteri, A.; Papaleo, E.; Somigliana, E.; Vigano, P. Human Chorionic Gonadotrophin as a Possible Mediator of Leiomyoma Growth during Pregnancy: Molecular Mechanisms. Int. J. Mol. Sci. 2017, 18, 2014. [Google Scholar] [CrossRef] [PubMed]

	



Honegger, J.; Mann, K.; Thlerauf, P. Human chorionic gonadotrophin immunoactivity in cystic intracranial tumours. Clin. Endocrinol. 1995, 42, 235–241. [Google Scholar] [CrossRef] [PubMed]

	



Liang, J.; Shang, Y. Estrogen and Cancer. Annu. Rev. Physiol. 2013, 75, 225–240. [Google Scholar] [CrossRef] [PubMed]

	



Valadez-cosmes, P.; Vázquez-martínez, E.R.; Cerbón, M.; Camacho-Arroyo, I. Membrane progesterone receptors in reproduction and cancer. Mol. Cell. Endocrinol. 2016, 434, 166–175. [Google Scholar] [CrossRef]

	



Cole, L.A. HCG, the wonder of today’s science. Reprod. Biol. Endocrinol. 2012, 10, 24. [Google Scholar] [CrossRef]

	



Stepien, A.; Shemesh, M.; Ziecik, A.J. Luteinising hormone receptor kinetic and LH-induced prostaglandin production throughout the oestrous cycle in porcine endometrium. Reprod. Nutr. Dev. 1999, 39, 663–674. [Google Scholar] [CrossRef]

	



Reisinger, K.; Baal, N.; McKinnon, T.; Münstedt, K.; Zygmunt, M. The gonadotropins: Tissue-specific angiogenic factors? Mol. Cell. Endocrinol. 2007, 269, 65–80. [Google Scholar] [CrossRef]

	



Ji, L.; Brkić, J.; Liu, M.; Fu, G.; Peng, C.; Wang, Y.-L. Placental trophoblast cell differentiation: Physiological regulation and pathological relevance to preeclampsia. Mol. Asp. Med. 2013, 34, 981–1023. [Google Scholar] [CrossRef]

	



Russo, J.; Hu, Y.F.; Silva, I.D.C.G.; Russo, I.H. Cancer risk related to mammary gland structure and development. Microsc. Res. Tech. 2001, 52, 204–223. [Google Scholar] [CrossRef]

	



Butt, A.J.; McNeil, C.M.; Musgrove, E.A.; Sutherland, R.L. Downstream targets of growth factor and oestrogen signalling and endocrine resistance: The potential roles of c-Myc, cyclin D1 and cyclin E. Endocr. Relat. Cancer 2005, 12 (Suppl. 1), S47–S59. [Google Scholar] [CrossRef]

	



Caldon, C.E.; Sutherland, R.L.; Musgrove, E.A. Cell cycle proteins in epithelial cell differentiation: Implications for breast cancer. Cell Cycle 2010, 9, 1918–1928. [Google Scholar] [CrossRef]

	



Thompson, E.B. The many roles of c-myc in apoptosis. Annu. Rev. Physiol. 1998, 60, 575–600. [Google Scholar] [CrossRef]

	



Froehlich, K.; Schmidt, A.; Heger, J.I.; Al-Kawlani, B.; Aberl, C.A.; Jeschke, U.; Loibl, S.; Markert, U.R. Breast cancer, placenta and pregnancy. Eur. J. Cancer 2019, 115, 68–78. [Google Scholar] [CrossRef] [PubMed]

	



Slepicka, P.F.; Cyrill, S.L.; Santos, C.O. Pregnancy and Breast Cancer: Pathways to Understand Risk and Prevention. Trends Mol. Med. 2019, 25, 866–881. [Google Scholar] [CrossRef]

	



Callihan, E.B.; Gao, D.; Jindal, S.; Lyons, T.R.; Manthey, E.; Edgerton, S.; Urquhart, A.; Schedin, P.; Borges, V.F. Postpartum diagnosis demonstrates a high risk for metastasis and merits an expanded definition of pregnancy-associated breast cancer. Breast Cancer Res. Treat. 2013, 138, 549–559. [Google Scholar] [CrossRef]

	



Wagner, K.U.; Boulanger, C.A.; Henry, M.L.D.; Sgagias, M.; Hennighausen, L.; Smith, G.H. An adjunct mammary epithelial cell population in parous females: Its role in functional adaptation and tissue renewal. Development 2002, 129, 1377–1386. [Google Scholar] [PubMed]

	



Alfasi, A.; Ben-Aharon, I. Breast Cancer during Pregnancy—Current Paradigms, Paths to Explore. Cancers 2019, 11, 1669. [Google Scholar] [CrossRef]

	



Bae, S.Y.; Jung, S.P.; Jung, E.S.; Park, S.M.; Lee, S.K.; Yu, J.H.; Lee, J.E.; Kim, S.W.; Nam, S.J. Clinical Characteristics and Prognosis of Pregnancy-Associated Breast Cancer: Poor Survival of Luminal B Subtype. Oncology 2018, 95, 163–169. [Google Scholar] [CrossRef] [PubMed]

	



Fortner, R.T.; Tolockiene, E.; Schock, H.; Oda, H.; Lakso, H.Å.; Hallmans, G.; Kaaks, R.; Toniolo, P.; Zeleniuch-Jacquotte, A.; Grankvist, K.; et al. Early pregnancy sex steroids during primiparous pregnancies and maternal breast cancer: A nested case-control study in the Northern Sweden Maternity Cohort. Breast Cancer Res. 2017, 19, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Ye, S.; Cheng, Y.; Zhang, L.; Wang, X.; Wang, L.; Lan, P. Prognostic value of estrogen receptor- α and progesterone receptor in curatively resected colorectal cancer: A retrospective analysis with independent validations. BMC Cancer 2019, 19, 1–7. [Google Scholar] [CrossRef]

	



Hsu, L.; Chu, N.; Kao, S. Estrogen, Estrogen Receptor and Lung Cancer. Int. J. Mol. Sci. 2017, 18, 1713. [Google Scholar] [CrossRef] [PubMed]

	



Eberhart, C.E.; Coffey, R.J.; Radhika, A.; Giardiello, F.M.; Ferrenbach, S.; Dubois, R.N. Up-regulation of cyclooxygenase 2 gene expression in human colorectal adenomas and adenocarcinomas. Gastroenterology 1994, 107, 1183–1188. [Google Scholar] [CrossRef]

	



Saif, M.W. Management of Colorectal Cancer in Pregnancy: A Multimodality Approach. Clin. Colorectal Cancer 2005, 5, 247–256. [Google Scholar] [CrossRef] [PubMed]

	



Silverstein, J.; Silverstein, J.; Kidder, W.; Fisher, S.; Hope, T.A.; Maisel, S.; Ng, D.; Van Ziffle, J.; Atreya, C.E.; Van Loon, K. Hormone receptor expression of colorectal cancer diagnosed during the peri-partum period. Endocr. Connect. 2019, 8, 1149–1158. [Google Scholar] [CrossRef] [PubMed]

	



Yang, L. TGFβ and cancer metastasis: An inflammation link. Cancer Metastasis Rev. 2010, 29, 263–271. [Google Scholar] [CrossRef]

	



Toledo, M.T.; Gomes Marcondes, M.C.C. Placental glycogen metabolism changes during walker tumour growth. Placenta 2004, 25, 456–462. [Google Scholar] [CrossRef] [PubMed]

	



Toledo, M.T.; Ventrucci, G.; Gomes-Marcondes, M.C.C. Increased oxidative stress in the placenta tissue and cell culture of tumour-bearing pregnant rats. Placenta 2011, 32, 859–864. [Google Scholar] [CrossRef] [PubMed]

	



Beckman, D.A.; Mullin, J.P.; Brent, R.L.; Lloyd, J.B. Leucine transport from mother ro fetus in rat: Role of the visceral yolk sac. Nutr. Res. 1998, 18, 1783–1789. [Google Scholar] [CrossRef]

	



Burton, G.J.; Jauniaux, E. Expert Reviews Pathophysiology of Placental-Derived Fetal Growth Restriction; Elsevier Inc.: Amsterdam, The Netherlands, 2018; pp. 745–761. [Google Scholar]

	



Cruz, B.; Gomes-Marcondes, M.C. Leucine-rich diet supplementation modulates foetal muscle protein metabolism impaired by Walker-256 tumour. Reprod. Biol. Endocrinol. 2014, 12, 2. [Google Scholar] [CrossRef] [PubMed]

	



Mansell, E.; Zareian, N.; Malouf, C.; Kapeni, C.; Brown, N.; Badie, C.; Baird, D.; Lane, J.; Ottersbach, K.; Blair, A.; et al. DNA damage signalling from the placenta to foetal blood as a potential mechanism for childhood leukaemia initiation. Sci. Rep. 2019, 9, 1–17. [Google Scholar] [CrossRef]

	



Benagiano, M.; Azzurri, A.; Ciervo, A.; Amedei, A.; Tamburini, C.; Ferrari, M.; Telford, J.L.; Baldari, C.T.; Romagnani, S.; Cassone, A.; et al. T helper type 1 lymphocytes drive inflammation in human atherosclerotic lesions. Proc. Natl. Acad. Sci. USA 2003, 100, 6658–6663. [Google Scholar] [CrossRef]

	



Gomez-Lopez, N.; Vega-Sanchez, R.; Castillo-Castrejon, M.; Romero, R.; Cubeiro-Arreola, K.; Vadillo-Ortega, F. Evidence for a Role for the Adaptive Immune Response in Human Term Parturition. Am. J. Reprod. Immunol. 2013, 69, 212–230. [Google Scholar] [CrossRef]

	



Fraser, R.; Whitley, G.S.; Johnstone, A.P.; Host, A.J.; Sebire, N.J.; Thilaganathan, B.; Cartwright, J.E. Impaired decidual natural killer cell regulation of vascular remodelling in early human pregnancies with high uterine artery resistance. J. Pathol. 2012, 228, 322–332. [Google Scholar] [CrossRef] [PubMed]

	



Soeters, P.B.; Grimble, R.F. The conditional role of in fl ammation in pregnancy and cancer. Clin. Nutr. 2013, 32, 460–465. [Google Scholar] [CrossRef] [PubMed]

	



Flint, T.R.; Jones, J.O.; Ferrer, M.; Colucci, F.; Janowitz, T. A comparative analysis of immune privilege in pregnancy and cancer in the context of checkpoint blockade immunotherapy. Semin. Oncol. 2018, 45, 170–175. [Google Scholar] [CrossRef]

	



Campoli, M.; Ferrone, S. HLA antigen changes in malignant cells: Epigenetic mechanisms and biologic significance. Oncogene 2008, 27, 5869–5885. [Google Scholar] [CrossRef]

	



McGranahan, N.; Rosenthal, R.; Hiley, C.T.; Rowan, A.J.; Watkins, T.B.K.; Wilson, G.A.; Birkbak, N.J.; Veeriah, S.; Van Loo, P.; Herrero, J.; et al. Allele-Specific HLA Loss and Immune Escape in Lung Cancer Evolution. Cell 2017, 171, 1259–1271.e11. [Google Scholar] [CrossRef]

	



Schietinger, A.; Greenberg, P.D. Tolerance and exhaustion: Defining mechanisms of T cell dysfunction. Trends Immunol. 2014, 35, 51–60. [Google Scholar] [CrossRef] [PubMed]

	



Erlebacher, A. Immunology of the Maternal-Fetal Interface. Annu. Rev. Immunol. 2013, 31, 387–413. [Google Scholar] [CrossRef]

	



Altman, J.F.; Lowe, L.; Redman, B.; Esper, P.; Schwartz, J.L.; Johnson, T.M.; Haefner, H.K. Placental metastasis of maternal melanoma. J. Am. Acad. Dermatol. 2003, 49, 1150–1154. [Google Scholar] [CrossRef]

	



Iller, K.E.M.; Awislak, A.G.Z.; Annon, C.A.G.; Illar, D.A.M.; Oughrey, M.A.B.L. Maternal Gastric Adenocarcinoma with Placental Metastases: What Is the Fetal Risk? Pediatric Dev. Pathol. 2012, 15, 237–239. [Google Scholar]

	



Al-adnani, M.; Kiho, L.; Scheimberg, I. Maternal pancreatic carcinoma metastatic to the placenta: A case report and literature review. Pediatric Dev. Pathol. 2007, 10, 61–65. [Google Scholar] [CrossRef] [PubMed]

	



Van Calsteren, K.; Heyns, L.; De Smet, F.; Van Eycken, L.; Gziri, M.M.; Van Gemert, W.; Halaska, M.; Vergote, I.; Ottevanger, N.; Amant, F. Cancer during pregnancy: An analysis of 215 patients emphasizing the obstetrical and the Neonatal outcomes. J. Clin. Oncol. 2010, 28, 683–689. [Google Scholar] [CrossRef]

	



Van Calsteren, K. Chemotherapy during pregnancy: Pharmacokinetics and impact on foetal neurological development. Facts Views Vis. ObGyn 2010, 2, 278–286. [Google Scholar]

	



van Hasselt, J.G.C.; van Calsteren, K.; Heyns, L.; Han, S.; Mhallem Gziri, M.; Schellens, J.H.M.; Beijnen, J.H.; Huitema, A.D.R.; Amant, F. Optimizing anticancer drug treatment in pregnant cancer patients: Pharmacokinetic analysis of gestation-induced changes for doxorubicin, epirubicin, docetaxel and paclitaxel. Ann. Oncol. 2014, 25, 2059–2065. [Google Scholar] [CrossRef]

	



Berveiller, P.; Mir, O.; Degrelle, S.A.; Tsatsaris, V.; Selleret, L.; Guibourdenche, J.; Evain-Brion, D.; Fournier, T.; Gil, S. Chemotherapy in pregnancy: Exploratory study of the effects of paclitaxel on the expression of placental drug transporters. Investig. New Drugs 2019, 37, 1075–1085. [Google Scholar] [CrossRef]

	



Johnson, S. Cognitive and behavioural outcomes following very preterm birth. Semin. Fetal Neonatal Med. 2007, 12, 363–373. [Google Scholar] [CrossRef]

	



Cruz, B.; Oliveira, A.; Gomes-Marcondes, M.C.C. L-leucine dietary supplementation modulates muscle protein degradation and increases pro-inflammatory cytokines in tumour-bearing rats. Cytokine 2017, 96, 253–260. [Google Scholar] [CrossRef] [PubMed]

	



Pavlidis, N.A. Coexistence of Pregnancy and Malignancy. Oncologist 2002, 7, 279–287. [Google Scholar] [CrossRef]

	



Oduncu, F.S.; Kimmig, R.; Hepp, H.; Emmerich, B. Cancer in pregnancy: Maternal-fetal conflict. J. Cancer Res. Clin. Oncol. 2003, 129, 133–146. [Google Scholar] [CrossRef] [PubMed]

	



Duan, Y.; Li, F.; Li, Y.; Tang, Y.; Kong, X.; Feng, Z.; Anthony, T.G.; Watford, M.; Hou, Y.; Wu, G.; et al. The role of leucine and its metabolites in protein and energy metabolism. Amino Acids 2016, 48, 41–51. [Google Scholar] [CrossRef]

	



Hamarsland, H.; Nordengen, A.L.; Aas, S.N.; Holte, K.; Garthe, I.; Paulsen, G.; Cotter, M.; Børsheim, E.; Benestad, H.B.; Raastad, T. Native whey protein with high levels of leucine results in similar post-exercise muscular anabolic responses as regular whey protein: A randomized controlled trial. J. Int. Soc. Sports Nutr. 2017, 14, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Borack, M.S.; Volpi, E. Efficacy and Safety of Leucine Supplementation in the Elderly 1–3. J. Nutr. 2016, 146, 2625–2629. [Google Scholar] [CrossRef]

	



Kim, J.Y.; Burghardt, R.C.; Wu, G.; Johnson, G.A.; Spencer, T.E.; Bazer, F.W. Select nutrients in the ovine uterine lumen. VII. Effects of arginine, leucine, glutamine, and glucose on trophectoderm cell signaling, proliferation, and migration. Biol. Reprod. 2011, 84, 62–69. [Google Scholar] [CrossRef] [PubMed]

	



Ham, D.J.; Caldow, M.K.; Lynch, G.S.; Koopman, R. Leucine as a treatment for muscle wasting: A critical review. Clin. Nutr. 2014, 33, 937–945. [Google Scholar] [CrossRef]

	



Murakami, M.; Ichisaka, T.; Maeda, M.; Oshiro, N.; Hara, K.; Edenhofer, F.; Kiyama, H.; Yonezawa, K.; Yamanaka, S. mTOR Is Essential for Growth and Proliferation in Early Mouse Embryos and Embryonic Stem Cells. Mol. Cell. Biol. 2004, 24, 6710–6718. [Google Scholar] [CrossRef] [PubMed]

	



Bing, C.; Taylor, S.; Tisdale, M.J.; Williams, G. Cachexia in MAC16 adenocarcinoma: Suppression of hunger despite normal regulation of leptin, insulin and hypothalamic neuropeptide Y. J. Neurochem. 2001, 79, 1004–1012. [Google Scholar] [CrossRef] [PubMed]

	



Dunshea, F.R.; Bauman, D.E.; Nugent, E.A.; Kerton, D.J.; King, R.H.; McCauley, I. Hyperinsulinaemia, supplemental protein and branched-chain amino acids when combined can increase milk protein yield in lactating sows. Br. J. Nutr. 2005, 93, 325–332. [Google Scholar] [CrossRef] [PubMed]

	



Doelman, J.; Kim, J.J.M.; Carson, M.; Metcalf, J.A.; Cant, J.P. Branched-chain amino acid and lysine deficiencies exert different effects on mammary translational regulation. J. Dairy Sci. 2015, 98, 7846–7855. [Google Scholar] [CrossRef]

	



Mogami, H.; Yura, S.; Itoh, H.; Kawamura, M.; Fujii, T.; Suzuki, A.; Aoe, S.; Ogawa, Y.; Sagawa, N.; Konishi, I.; et al. Isocaloric high-protein diet as well as branched-chain amino acids supplemented diet partially alleviates adverse consequences of maternal undernutrition on fetal growth. Growth Horm. IGF Res. 2009, 19, 478–485. [Google Scholar] [CrossRef]

	



Zhang, S.; Zeng, X.; Ren, M.; Mao, X.; Qiao, S. Novel metabolic and physiological functions of branched chain amino acids: A review. J. Anim. Sci. Biotechnol. 2017, 8, 4–15. [Google Scholar] [CrossRef]

	



da Miyaguti, N.A.S.; de Oliveira, S.C.P.; Gomes-Marcondes, M.C.C. Maternal leucine-rich diet minimises muscle mass loss in tumour-bearing adult rat offspring by improving the balance of muscle protein synthesis and degradation. Biomolecules 2019, 9, 229. [Google Scholar] [CrossRef] [PubMed]

	



da Miyaguti, N.A.S.; de Oliveira, S.C.P.; Gomes-Marcondes, M.C.C. Maternal nutritional supplementation with fish oil and/or leucine improves hepatic function and antioxidant defenses, and minimizes cachexia indexes in Walker-256 tumor-bearing rats offspring. Nutr. Res. 2018, 51, 29–39. [Google Scholar] [CrossRef] [PubMed]

	



da Miyaguti, N.A.S.; Stanisic, D.; Christine, S.; De Oliveira, P.; Sales, G.; Manhe, B.S.; Tasic, L. Profiles Reveal Metabolic Changes Influenced by a Maternal Leucine-Rich Diet in Tumor-Bearing Adult O ff spring Rats. Nutrients 2020, 12, 2106. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 13 01667 g001 550] 





Figure 1. Mechanisms of how leucine nutritional supplementation to the mother could improve some points in minimising cancer damage factors. Foetal resorption could be decreased with a positive foetal muscle protein net, and the placenta may also benefit with a decrease in proteolysis, maintaining the protein synthesis/proteolysis ratio, which leads to physiological DNA and protein levels. 






Figure 1. Mechanisms of how leucine nutritional supplementation to the mother could improve some points in minimising cancer damage factors. Foetal resorption could be decreased with a positive foetal muscle protein net, and the placenta may also benefit with a decrease in proteolysis, maintaining the protein synthesis/proteolysis ratio, which leads to physiological DNA and protein levels.



[image: Cancers 13 01667 g001]







[image: Table] 





Table 1. Molecular similarities between placenta and tumour tissues and molecular pathways and key proteins expression related to the placenta or tumour effects.
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Cancer during Pregnancy




	
Key Proteins

	
Similarities




	
Placenta

	
Tumour

	
Refs.






	
MMP7

	
√

	
√

	
[43,47]




	
Integrin α5β1

	
√

	
√

	
[45,46]




	
HIF

	
√

	
√

	
[14,52]




	
PLAC-1

	
√

	
√

	
[55,56]




	
PlGF

	
√

	
√

	
[63,65]




	
Pathways and key proteins

	
Placenta affecting tumour evolution

	
Tumour affecting placenta activity

	




	
hCG

	
↑

	
unknown

	
[67,73]




	
Oestrogen

	
↑

	
unknown

	
[79]




	
Progesterone

	
↓

	
unknown

	
[70,75]




	
Proinflammatory cytokines

	
↑

	
↑

	
[24,51,101]




	
IL-10

	
unknown

	
unknown

	
[101,115]




	
mTOR

	
unknown

	
↓

	
[16,24,32]




	
4EBP1

	
unknown

	
↑

	
[16,24]




	
Degradation Proteins

	
unknown

	
↑

	
[16]








Legend: ↑ up regulated; ↓ down regulated; √ similar key proteins.
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