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ABSTRACT 

 The number of childhood (from birth to adolescence) cancer survivors increases because 

of increased cancer incidence and a slightly more significant decrease in the mortality rate from 

cancer therapy. A unique side effect of concern on these cancer survivors from cancer therapy 

(e.g., chemotherapy and radiotherapy) is fertility impairment. Some chemotherapeutics drugs have 

been shown to target ovarian follicles to impair female fertility. The corpus luteum (CL) is 

normally developed from an ovulated follicle for producing progesterone (P4) to support early 

pregnancy. To fill in the knowledge gap about effects of chemotherapy on the CL, we tested the 

hypothesis that chemotherapy could adversely affect the CL using doxorubicin (DOX) as a 

representative chemotherapeutic drug in mice. We found varying effects in serum P4 levels, as 

well as varying effects in key aspects of CL function. CLs from DOX-treated mice with low P4 

levels had less defined luteal cords, disrupted expression pattern of collagen IV (a marker of the 

basal lamina of endothelial cells), and reduced expression of StAR (steroidogenic acute regulatory 

protein) in luteal cells. A major focus in oncofertility is studying the gonadotoxic effects of 

chemotherapies on the ovary (sans the CL), however the uterus also plays a critical role in the 

future reproductive health of premenopausal patients. We showed that a single, human-relevant 



dose of doxorubicin (10 mg/kg, single dose) in young adult ovariectomized CD-1 mice had a long-

term effect on uterine transcriptome to E2 treatment (Andersen CL et al, 2018). Since some of the 

differentially expressed genes are associated with uterine receptivity, we hypothesize that 

chemotherapy could disrupt uterine receptivity for embryo implantation. To test this hypothesis, 

ovariectomized C57BL6J mice are treated with vehicle (negative control), doxorubicin (2 mg/kg, 

5 daily doses), or doxorubicin (10 mg/kg, single dose, positive control) starting on PND30. 

Decidualization is a uterine response to an implanting embryo and an indication of uterine 

receptivity. We use artificial decidualization to determine uterine receptivity, visualizing the 

accumulation of blue-dye in the decidual sites of a receptive uterus. Preliminary data show that the 

above chemotherapeutic regimens have varied adverse effects on uterine receptivity. 
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CHAPTER 1 

Introduction 

Female reproduction follows pubertal development, which prepares the ovaries, the female 

reproductive track, and the mammary glands for sexual maturation and reproductive capabilities. 

Puberty is a multistage process with dramatic changes in physical appearance and hormonal levels 

to obtain sexual maturation and reproductive capabilities. Although the precise mechanisms 

behind pubertal initiation remain largely unknown, the hypothalamic–pituitary–gonadal (HPG)-

axis and proper hormonal regulation are essential for pubertal development.  Female reproduction 

involves multiple integral processes, including ovarian folliculogenesis, ovulation, ovarian 

steroidogenesis, fertilization, preimplantation embryo development and transport, embryo 

implantation, placentation, parturition, and lactation. Female reproduction is regulated by 

hormones, such as progesterone (P4) and estrogen (E2) (Figure 1.1). These hormones are produced 

in the ovary and impart actions throughout the body (Figure 1.3). A main target of ovarian 

hormones is the uterus, Fallopian tubes (oviducts in rodents), and vagina. Tight coordination of 

ovarian and uterine molecular events supports the fertility of women. Environmental toxins and 

biologics, such as mycotoxins and chemotherapies (respectively) can contribute to disruptions in 

fertility and female reproductive health. 

Ovary, corpus luteum, and ovarian hormones 

The ovary is a heterogenous organ responsible for maturation and activation of competent 

oocytes for fertilization, as well as hormone production to facilitate pubertal development and 

pregnancy. The main structures of the ovary are the ovarian follicle, corpus luteum, blood vessels, 
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and medullary stroma and is conserved among most mammals (Figure 1.2) (Bahr, 2018). Follicles 

will mature and grow in conjunction with the oocyte it harbors until it undergoes regulated 

apoptosis, through atresia or the oocyte ovulates from the follicle. After ovulation, the follicle 

undergoes rapid morphological and molecular changes to form the corpus luteum. This represents 

the transition from directly supporting oocyte development and maturation to support of pregnancy 

through interactions with the uterus. Hormones produced by the ovary through the follicles and 

corpus luteum also contribute to the support of follicles, pregnancy, reproductive tract function, 

metabolic cues, as well as secondary sexual characteristics and cyclicity in humans (Bahr, 2018). 

17b-Estradiol (E2) and progesterone (P4) are the primary effector steroid hormones produced by 

the ovary through interactions between the various cell types that inhabit the multiple structures in 

the ovary. These hormones and other signaling molecules are imported and exported from the 

ovary through a vast network of vasculature supported by the mesovarium. The utero-ovarian 

artery, venous blood, and nerves enter the ovary at the hilus. From here the vasculature 

dramatically invades into the medullary stromal area, surrounding follicles and corpora lutea in 

the cortex as well, thus making the ovary one of the most vascular organs (Feng et al., 2017).   

Development of the follicular population that contribute to the fertility of humans and mice 

begin as early as D9.5 DPC. Primordial germ cells (PGCs) migrate from the allantois to genital 

ridge and begin to divide mitotically, generating ~25,000 PGCs by D13.5. These PGCs will cease 

dividing,  form oogonia, multiple PGCs grouped into cysts/nests, then enter meiosis (Bertolin and 

Murphy, 2014). These nests are interconnected by cytoplasmic bridges which are hypothesized to 

help increase storage of materials that will be used later in development (Tingen, Kim and 

Woodruff, 2009). Near birth, the cysts/nests will undergo programmed cell death through apoptotic 

pathways, activating Caspase 9 and Bax, further reducing the number of oocytes that will form 
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primordial follicles, reviewed by Sun, YC. et. al.(Sun et al., 2017). Recent single cell ‘omics data, 

along with previous dogma support the long-held theory that these initial mitotic events generate 

all the oocytes that will be ovulated in the adult ovary (Wagner et al., 2020). The early days after 

birth represent the most important phase of oocyte loss and is critical to establishing the pool of 

primordial follicles. Oocytes will become completely surrounded by granulosa cells, thus starting 

their journey as a primordial follicle. Previous work has shown that survival of oocytes during this 

time is dependent on the ability to resist activation of atresia pathways, through mechanisms 

involving intraovarian growth factors and the health of the granulosa cell-oocyte interconnections 

(Bahr, 2018). Primordial follicle formation is sensitive to endocrine disrupting compounds 

(EDCs), suggesting that estrogen regulation is a key part of the process as well (Gura and Freiman, 

2018). The establishment of the oocyte and granulosa cells represents a key stage in the 

development of both. Each will provide factors and support to the other to further the development 

of the follicle (Da Silva-Buttkus et al., 2008; Gura and Freiman, 2018). It is estimated, that only 

300-500 of 1,000,000 primordial follicles will reach ovulation during the reproductive lifespan of 

an adult woman. Follicles are organized based on morphologic characteristics, specific gene 

expression, and position in the ovary (Bertolin and Murphy, 2014; Fan et al., 2019). Primordial 

follicles represent the initial phase of the follicle as a functional unit, the primordial follicle has 

four potential fates, reviewed by Patrick Hannon and Thomas Curry: (1) remain quiescent and 

establish the ovarian reserves, (2) undergo atresia, (3) undergo initial recruitment and eventually 

ovulate, (4) or undergo initial recruitment and then atresia, representing the most likely scenario 

(Hannon and Curry, 2018). In the mouse, quiescence is maintained by repressing activation 

pathways, survival factors preventing atresia, and maintenance of the Balbiani body, organized 

Golgi complexes that stores key transcripts for follicle activation (Gura and Freiman, 2018; Lei et 



 

4 

al., 2020). Initial recruitment is the process by which primordial follicles will transition to primary 

follicles. During this time, the oocyte grows, granulosa cells transition from flat-squamous to 

cuboidal, the zona pellucida forms between the oocyte and granulosa cells, and theca cells begin 

to migrate from ovarian stroma to the cortex. Signaling factors related to this initial recruitment 

are extensively reviewed in Chen, Y. et al. 2020. (Chen et al., 2020). Precursor theca cells migrate 

from the ovarian stroma towards primary follicles and begin surrounding the granulosa layer, 

which has proliferated and expanded. With the establishment of multiple granulosa cells, the 

preantral follicle has formed. Theca cells will proliferate to form the theca interna, the steroid 

hormone producing theca cells, and theca externa, site of fibroblast-like theca cells that regulate 

the connective tissue surrounding the follicle (Richards, 2018b). Prior to this recruitment and 

invasion by theca cells, follicle development is entirely gonadotropin independent. However, as 

granulosa cells continue to proliferate, deposits of secretory/nutrient/waste products form spaces 

that will coalesce to create the antrum. This antrum will define the follicle as an early antral follicle. 

Similarly to initial recruitment, a range of intraovarian factors support the initiation of early antral 

follicles, however early antral follicles appear to be gonadotropin-responsive (Hannon and Curry, 

2018). These follicles have been documented as the most likely to undergo atresia, likely through 

autophagic pathways, while antral follicle atresia is likely through apoptotic pathways (Meng et 

al., 2018). Follicles undergo cyclic recruitment, the process that mediates careful activation and 

atresia of follicles, is dependent on hypothalamic-pituitary-gonad (HPG) signaling events. Careful 

regulation of apoptosis during primordial follicle generation, cyclic recruitment during follicle 

activation, and the HPG axis maintain the pool of oocytes needed for pregnancy. 

In general, menstrual/estrous cyclicity begins around reproductive maturity in mammals. 

Inbred mice strains typically reach puberty around 6-8 weeks, but outbred strains will reach 
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puberty around 4 weeks (Bell, 2018). Our understanding of the exact molecular mechanisms that 

initiate pubertal onset in mammals is continually evolving. The “central drive” hypothesis 

proposes that a network of neurons impart stimulatory and inhibitory action onto gonadotropin 

releasing hormone (GnRH) neurons in the hypothalamus, eventually stimulatory events will cause 

an increase in GnRH pulsatility leading to initiation of puberty (Figure 1.3). Slower GnRH 

pulsatility stimulates follicle stimulating hormone (FSH) release from the pituitary that will 

support the growth of follicles through granulosa cell proliferation, follicle growth, and priming 

of luteinizing hormone (LH) receptor (LHR), while increased pulsatility will favor the release of 

LH that supports androgen synthesis, dominant follicle support, and follicle ovulation. The GnRH 

release and further selection of different gonadotropins results in feed-forward and feedback 

(positive and negative) regulation on the HPG axis through the end hormonal products. This 

gonadotropin release will cause follicles, the primary site of E2 synthesis, to begin producing and 

secreting E2 into circulation (Terasawa and Fernandez, 2001; Ojeda and Skinner, 2006). A two-

cell, two-gonadotropin model has been proposed as the mechanism for E2 synthesis in the follicle 

(Figure 1.4) (Fortune, 2018).  Aromatase (CYP19A1), regulated by FSH in granulosa cells, is 

responsible for the conversion of androstenedione to estrone, as well as testosterone to E2. Estrone 

can be converted to E2 by 17beta-hydroxysteroid dehydrogenase (17B-HSD) in granulosa cells. 

Estrogen steroidogenesis is reviewed extensively in Figure 1.4. E2 can intern impart regulatory 

actions back onto the HPG axis as a form of both positive and negative feedback, dependent on 

actions in the hypothalamus or pituitary, respectively (Figure 1.3) (Padmanabhan, Puttabyatappa 

and Cardoso, 2018). The kisspeptin, neurokinin B, and dynorphin (KNDy) expressing neurons are 

the hypothesized site of gonadal hormone negative regulation due to the expression of the key 

receptors, estrogen receptors and progesterone receptor. Estradiol also has negative feedback 
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regulation on the FSH-beta subunit, which is responsible for effector FSH, thus limiting FSH 

stimulation but not preventing it. In conjunction, estradiol has positive feedback regulation on 

kisspeptin neurons in the anteroventral periventricular area, leading to increase GnRH release 

favoring LH surge. Pubertal onset and the menstrual and estrous cycles are critical for pregnancy 

and require the careful activation and maintenance of the HPG axis. Estrogen, an important 

component of the HPG axis, and its’ regulation are key for follicular and corpora lutea health and 

function. 

E2 also has local actions in the ovary, supporting granulosa cell mechanisms by enhancing 

FSH stimulation of aromatase expression (in turn estradiol synthesis), LH receptor (LHR) 

expression and LH responsiveness, antrum formation, gap-junction formation and prevention of 

follicular atresia (Couse et al., 2005). E2’s effects directly on granulosa cells through estrogen 

receptor action, besides previous mentioned actions through ERbeta, are minimal (Couse et al., 

2005). Estradiol’s paracrine action on theca cells culminates in the interactions with activins, 

protein hormones produced by granulosa cells and the pituitary that in conjunction with inhibins 

regulate the stimulation and inhibiting of FSH release (respectively) (Figure 1.3). It is hypothesized 

that estradiol suppresses activin expression, therefore increased estradiol and inhibin production 

by preovulatory follicles would act to suppress activin and increase theca cell androgen production 

(Young and McNeilly, 2010). Estradiol has significant action in stimulating angiogenesis in the 

developing corpus luteum, progesterone production, and cholesterol uptake from circulation 

(Stocco, Telleria and Gibori, 2007). Estradiol’s positive feedback regulation on the hypothalamus 

is key to regulating the LH surge needed for ovulation. 

Ovulation is the process by which a mature follicle will be extruded from the ovary to be 

fertilized in the oviduct (in rodents). The preovulatory follicle is composed of multiple cell layers, 
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consisting of the theca externa and interna, the mural and syncytial granulosa cells, and the 

cumulus cells that directly surround the zona pellucida and oocyte. Intercommunication between 

these layers is critical for successful ovulation. This process is regulated by the relationship of LH 

and FSH to stimulate LHR found on the granulosa cells of antral/preovulatory follicles. Once LH 

binds the LHR, molecular events throughout the ovary, such as thinning of the surrounding stromal 

tissue will permit the release of the cumulus cell-oocyte complex (COC) to release into the bursa 

(exclusive to rodents) where it will eventually be transported to the oviduct for fertilization. Many 

of the signaling cues associated with ovulation are regulated through the LH receptor (Figure 1.5) 

(Richards, 2018a). Increased progesterone, as well as prostaglandin, production in the preovulatory 

follicle aid in the breakdown of the surrounding stromal layers to facilitate ovulation. Significant 

upregulation of proteases aid in dissolving the theca layer and surrounding stromal layer to allow 

for the COC to release from the ovulation pore. Theca progesterone production increases upon the 

LH surge preovulation, progesterone will bind progesterone receptor (PGR) in granulosa cells to 

facilitate upregulation of genes involved in follicle extrusion, protein secretion, and vascular 

endothelial cells. Upon extrusion of the oocyte, the follicle will undergo rapid molecular and 

structural changes to form the corpus luteum needed to provide further support of early pregnancy 

events.  

The corpus luteum (CL) is a transient organ formed from the luteinization of granulosa and 

theca cells of the ovulated follicle to provide steroid hormone support of embryo development and 

embryo implantation (in rodents). Compared to humans, rodents are polyovulatory, only form a 

functional corpus luteum after fertilization has occurred and have a significantly shorter lifecycle 

of the corpus luteum. In humans the granulosa cells form large luteal cells, while theca cells form 

small luteal cells. This difference in size and shape is not as evident in rodents as in primates and 
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humans, however some molecular differences have been noted between the two subpopulations 

(Smith et al., 1989; Nelson et al., 1992). The consensus from these two groups reflects that small 

luteal cells have large nuclei, few lipid droplets, and a stellate shape, while large luteal cells have 

small, spherical nuclei and a high lipid content. This represents the culmination of analysis 

between subpopulation of luteal cells in the rodent, but progress is being made in our understanding 

in humans and other animals using more advanced techniques (Weber et al., 1987; Niswender et 

al., 2000; Wiltbank et al., 2012; Romereim et al., 2017a; Baddela et al., 2018; Hryciuk et al., 

2019). The rodent and human corpus luteum can be classified into either the CL of pregnancy, the 

CL of the cycle, and the CL of lactation. The CL of pregnancy is the most comparable between 

the two species, but aspects are shared in the other two types (Stocco, Telleria and Gibori, 2007; 

Accialini et al., 2017). The CL of the cycle in rodents is extremely short-lived and is considered 

nonfunctional, undergoing rapid regression without signals from a fertilized embryo. The CL of 

the cycle cannot synthesize enough progesterone and the little progesterone synthesized by 

follicular cells immediately after ovulation ensure that follicular recruitment will begin within the 

4-5 day cycle timeline. CLs can be classified as distinct types during either pregnancy, the cycle, 

or lactation. While each type of CL is critical for overall reproductive health, the CL of pregnancy 

and the molecular events associated with it will be the main focus of this review.  

Hours after ovulation, granulosa cells will undergo cell cycle arrest and molecular changes 

induced by LH will lead to alterations to hormone receptors. A drop in FSH and LH receptors, as 

well as a short-term increase in P4 and PGR (previously discussed), increase in prostaglandin E2 

(Pge2), prolactin (Prl) receptor (Prlr), and shift from ERbeta to ERalpha, indicating a reliance on 

estrogen as a direct luteotropic factor (Stocco, Telleria and Gibori, 2007; Bachelot et al., 2009; 

Accialini et al., 2017). Prl secreted from the pituitary during early pregnancy and the decidua later 
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in pregnancy, plays an important role in conversion to the CL of pregnancy and CL maintenance 

(respectively) (Bachelot and Binart, 2005; Bachelot et al., 2009). Human chorionic gonadotropin 

(hCG) and LH can rescue CL regression in Prlr deficient mice, but cannot prevent progesterone 

metabolism by 20alpha-HSD, a key function of Prl (Bachelot et al., 2009).Other molecular 

changes will influence maintenance, vascularization, and steroidogenesis in the CL (Figure 1.6) 

(McRae et al., 2005). A significant restructuring of collagens, proteoglycans, and glycoproteins 

will form the underlying extracellular matrix to support luteal and endothelial cell function, while 

matrix metalloproteinases (MMPs) will be responsible for regulated degradation of the follicular-

specific extracellular matrix (ECM). In rodents, and to less extent humans, migration and 

intermixing of ovarian stromal cells (granulosa and theca) with immune cells, pericytes, and 

endothelial cells is extensive and produces a heterogenous tissue. Upon the surge of LH, the 

basement membrane separating the granulosa and theca cells breaks down allowing for significant 

invasion of endothelial cells (Hennebold, 2018). Continued proliferation of endothelial cells 

contribute to maintenance of CL and provide continual import of progesterone substrate, 

cholesterol, and progesterone export (Davis, Rueda and Spanel-Borowski, 2003; Stocco, Telleria 

and Gibori, 2007; Andersen, 2021 submitted). In rodents, by D4.5, it is estimated that the number 

of endothelial cells equals the luteal cell population, providing support to the hypothesis that 

angiogenesis in the CL rivals that of the placenta and tumors (Hennebold, 2018). Luteal cells 

provide additional paracrine support of endothelial cells through vascular endothelial growth 

factors (VEGFs) secretion, partially regulated by LH (Stocco, Telleria and Gibori, 2007; 

Hennebold, 2018). Collagen type IV (ColIV) is a critical protein responsible for proper endothelial 

cell basal lamina formation and secreted by granulosa cells during luteinization and luteal cells in 

the CL (McRae et al., 2005; Accialini et al., 2017). Increases in steroidogenesis transcripts during 
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luteinization, like low-density lipoprotein (Ldl) receptor (Ldlr), scavenger receptor class B member 

1 (Scarb1), and steroid acute regulatory protein (StAR), as well as corresponding decreases in 3B-

HSD and aromatase will gear the luteal cells up for progesterone production (McRae et al., 2005). 

Molecular cues lead to initiation of morphological changes ultimately altering the functions of the 

follicle and creating the corpus luteum. 

The primary function of the corpus luteum is to produce progesterone for early pregnancy 

(Jiménez et al., 2010; El Zowalaty, Li, Zheng, et al., 2017; Plewes et al., 2018; Z. Wang et al., 

2019; Bildik et al., 2020). Cholesterol needed for steroid hormone synthesis exceeds de-novo 

synthesis of cholesterol within luteal cells, meaning that cholesterol must be imported into luteal 

cells to produce the progesterone needed to support early pregnancy (Figure 1.4). Cholesterol 

import by theca, granulosa, cumulus and luteal cells is dependent on circulating lipoprotein-bound 

cholesterol, HDL and LDL; however different species have different dependencies on which is the 

primary source. In humans cholesterol import through LDL and the LDL receptor is the favored 

source, while in the rodent it is HDL and Scarb1 (Jiménez et al., 2010; Chang et al., 2017; Talbott 

and Davis, 2017). Cholesterol is imported through both these pathways as cholesterol esters then 

can undergo bidirectional conversion to free cholesterol and used for progesterone production. 

ATP-binding cassette transporter A1 (Abca1) and apolipoprotein A1 (ApoA1) have been shown to 

contribute to HDL formation and homeostasis, with the latter being effected by progesterone 

potentially creating a feedback loop for cholesterol import (Kojima et al., 2001). Cholesterol can 

be stored in the cytoplasmic lipid droplets as cholesteryl esters, which will undergo hydrolysis via 

the intracellular neutral hormone-sensitive lipase (Hsl, also named cholesteryl ester hydrolase 

(CEH)) and/or lysosomal acid lipase (Lal) to free cholesterol for P4 steroidogenesis (Singh and 

Cuervo, 2012; Wang, 2016; Talbott and Davis, 2017; Talbott et al., 2020). Activated lipid droplet 
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(LD) reserves in luteal cells are primarily responsible for the homeostasis of the cholesterol needed 

for progesterone synthesis (Talbott et al., 2020). Transport of cholesterol from the outer to the 

inner mitochondrial membrane for P4 steroidogenesis is the rate-limiting step carried out by 

steroidogenic acute regulatory protein (StAR) (Christenson and Devoto, 2003; Manna, Dyson and 

Stocco, 2009). P450 side chain cleavage (P450SCC/CYP11A1) converts cholesterol to 

pregnenolone on the inner mitochondrial membrane, and 3β-hydroxysteroid dehydrogenase (3β-

HSD) then converts pregnenolone to P4 in the smooth endoplasmic reticulum (SER) (Christenson 

and Devoto, 2003). Serum P4 levels increase with CL development and reach a plateau by 3.5 

days post coitum (D3.5, embryo implantation initiates ~D4.0 in mice) in mice to support early 

pregnancy events, such as preimplantation embryo transport from the oviduct to the uterus and 

establishment of uterine receptivity for embryo implantation (Ye, 2020). Progesterone autocrine 

action on luteal cells increases availability of progesterone (through downregulation of 20aHSD) 

and prevents luteal cell apoptosis. However, these actions are mediated through nontraditional 

steroid receptor actions and the exact mechanisms are still being investigated (Stocco, Telleria and 

Gibori, 2007; Z. Wang et al., 2019). If pregnancy does not occur, such as during pseudopregnancy, 

the CL will undergo luteal regression, which is marked by structural and functional degradation of 

the CL, such as lipid droplet accumulation in luteal cells, luteal cell death, and a sharp drop in 

serum P4. Leutolysis is the regulated degradation of the CL following the end of gestation or 

absence of fertilization, and composed of the function and structural regression (Stocco, Telleria 

and Gibori, 2007; Hennebold, 2018; Pate, 2018). The functional regression happens earlier in 

luteolysis as progesterone cessation is critical for parturition. Prostaglandin F2 alpha (PGF2alpha), 

from the uterus and lesser extent the CL itself, is the primary effector protein needed to reduce 

progesterone levels and alter luteal cell signaling mechanisms (Stocco, Djiane and Gibori, 2003; 
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Stocco, Telleria and Gibori, 2007). PGF2alpha stimulates increased luteal 20alphaHSD 

production, causing the immediate metabolism of produced progesterone into its inactive form, 

20alpha-dihydroprogesterone (20alphaDHP). The molecular effects of the relationship between 

Prl support of CL and PGF2alpha luteolysis are summarized in Figure 1.7 (Stocco, Telleria and 

Gibori, 2007). It is hypothesized that factors related to the functional luteolysis lead to stress-

induced activation of apoptosis in luteal cell leading to structural luteolysis. Structural luteolysis 

is regulated through apoptosis of luteal and endothelial cells culminating in the corpus albicans, a 

scar present in the ovarian interstitium. Sustained PGF2a along with molecular cues from Prl 

activation of immune cell invasion lead to the breakdown of ECM and apoptosis of endothelial 

and luteal cells. Reduced availability of cholesterol substrate, through increased accumulation into 

lipid droplets (LDs), might reduce free cholesterols ability to sequester reactive oxygen species 

(ROSs) and aid in activation of apoptotic pathways (Pate, 2018). While the exact mechanism 

surrounding luteolysis are still unknown, the current understanding is that: PGF2a induces 

20aHSD leading to a reduction in progesterone which facilitates the expression of Fas receptor 

(FasR), increasing immune cell invasion and activation of apoptosis.  

Uterus, uterine receptivity, and decidualization 

Currently, the uterus is the only site for the maturation of an embryo to term and represents 

the site of pregnancy. Upon ovulation of an egg, fertilization in the oviduct, and formation of the 

CL, a competent embryo will implant into the receptive uterus. After implantation, molecular 

signals from the embryo, uterus, and ovaries initiate decidualization which will eventually lead to 

placentation.  

The mouse uterus is a bicornuate uterus, with two horns that eventually connect at the 

cervix, while the human uterus is a singular uterine body (comparison of Figure 1.1 and Figure 
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1.8). Besides the ovary, the mouse female reproductive tract forms from the Müllerian ducts early 

in development. The uterus is initially composed of a lumen lined with epithelial cells that surround 

the undifferentiated mesenchyme (Vue et al., 2018). The endometrium, myometrium, and 

perimetrium are fully developed postnatally (in rodents) by radial patterning morphogenesis. The 

endometrium is composed of two different epithelial layers, the luminal and glandular epithelium 

(LE and GE, respectively), as well as two stratified stromal areas including a stromal zone, blood 

vessels, and immune cells (Figure 1.8). The GE develop in an initially ovarian steroid-independent 

mechanism, but can be susceptible to programming by hormones and EDCs (Kelleher, DeMayo 

and Spencer, 2019). The myometrium is the smooth muscle layer composed of an inner circular 

layer and outer longitudinal layer (Figure 1.8). Similarly, in humans the myometrium surrounds 

the endometrium, which contains LE and GE. The uterus is responsive to ovarian hormones E2 

and P4. In humans, hormones regulate the uterine aspects of the menstrual cycle, while in mice, it 

regulates aspects of the 4-5 day estrous cycle (proestrus, estrus, metestrus, and diestrus) (Figure 

1.8). The ratio of P4 and E2 drive specific local actions in the uterus (Figure 1.9), including specific 

transcription, protein synthesis and secretion, fluid accumulation, uterine elongation and thickness, 

and effects on the LE and GE. Ovulation (D 0.0) begins the early pregnancy timeline, with 

fertilization happening shortly after (D 0.5), followed by embryo development and transport (D 

1.0-3.0), entrance in the uterus (D 3.5), implantation (D 4.0), and decidualization (d 4.25-9.5) 

(Kojima, Tam and Tam, 2014; Xiao, Li, et al., 2017; Ye, 2020). Implantation occurs during the 

window of implantation (WOI) when a competent blastocysts initiates contact with the uterine 

luminal epithelium during the receptive phase, but not the pre-receptive or refractory phases 

(Figure 1.10). Much of our knowledge on implantation comes from mouse studies. These events 

are under specific control by ovarian hormones P4 and E2 and represent a sensitive window and it 
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is estimated that 75% of failed pregnancy could be due to implantation defects (Dey et al., 2004; 

Cha et al., 2018; Lu, Kong and Wang, 2018; W. Wang et al., 2019). In mice, the preovulatory 

transient surge of estrogen induces LE proliferation. Around D1.5 as the CL becomes functional, 

P4 production increases and plateaus around D3.5 leading to stromal cell proliferation. On the 

morning of D3.5 there is a nidatory spike in estrogen that primes the uterus and initiates the WOI 

(Chen et al., 2000; Dey and Lim, 2006; Ye, 2020). While uterine preparation for receptivity, 

through actions from P4 and E2 (PRa and ERa, respectively (Figure 1.9)), has dynamic, specific 

and temporal expression of genes intended to prepare the uterus for implantation and pregnancy 

establishment, other molecular and structural events occur as well (Figure 1.9) (Haibin Wang and 

Dey, 2006; Herington et al., 2016; Koot et al., 2016; Zhang et al., 2018; W. Wang et al., 2019; 

Ye, 2020). Mouse knockout models suggest there are a subset of genes that are absolutely critical 

for implantation and uterine receptivity, such as Hoxa10/11, Pra, Lif (Lee et al., 2007). Mucin type 

1 (Muc1), a mucin-type glycoprotein located on the apical membrane of the LE, is significantly 

downregulated (through PRalpha) at the implantation site and critical for uterine receptivity (Lu, 

Kong and Wang, 2018). While PRalpha has significant regulatory effect on implantation, proper 

implantation needs dramatic removal of PRalpha from the LE to occur (Diao et al., 2011; 

Wetendorf et al., 2017). Uterine GE will sequester at the site of implantation and are responsible 

for transporting Lif into the uterine lumen, a step needed for successful implantation (Goad et al., 

2017; Kelleher, DeMayo and Spencer, 2019). Structural changes in the uterus during the 

preparation for uterine receptivity are also under the control of ovarian hormones and include 

edema to facilitate luminal closure and changes to the LE shape and structure, including removal 

and reestablishment of microvilli (Lu, Kong and Wang, 2018).  Sometime around 1200-2200 on 

D3.5 the blastocyst will initiate contact with the uterine luminal epithelium (anti-mesometrial side) 
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and the LE begins to evaginate the blastocyst, forming the implantation crypt (Ramathal et al., 

2010; Cha et al., 2018). The trophectoderm of the blastocyst will begin penetrating the luminal 

epithelium, as the LE basal layer dissolves, and invade towards the stromal layer, depending on 

the species this invasion can be shallow or invasive (Figure 1.11). Between 0400-0600 on D4.5, 

the underlying stromal region will begin decidualization, but the full extent will not occur until the 

trophectoderm cells engulf the LE cells in contact with the blastocyst. Decidualization, also under 

strict regulation by ovarian hormones (particularly P4), is a series of changes to the underlying 

fibroblastic stromal cell population into decidual cells and the formation of the decidua. Decidual 

cells, are binucleated, large, and round cells that surround the implantation crypt and proliferate 

extensively (Ramathal et al., 2010; Matsumoto, 2017). Decidualization in humans occurs as 

natural part the menstrual cycle during the secretory phase, while in mice it must be stimulated by 

either an embryo, oil droplet, or pinch during the WOI. However key molecular events in the LE, 

GE and stroma are similar between the two species (Matsumoto, 2017). Decidual cells excrete 

growth factors and cytokines that support implantation events, as well as support the formation of 

the vasculature that invades towards the implantation crypt from the mesometrial side (Figure 

1.12) (Lim and Wang, 2010). As early as D4.5, vascularization of the implantation site is already 

visible using absorbable dyes like Evan’s blue dye (Cha et al., 2018). Significant upregulation 

PRL and insulin-like growth factor binding protein-1 (IGFBP-1) are important factors secreted by 

the decidual cells, however other distinct gene expression of decidual cells in the primary decidual 

zone (PDZ) have recently been described (Ramathal et al., 2010; Zhao, Zhang and Liu, 2017). 

Around D7.5, placentation begins signaling an eventual end to the life cycle of the decidual cells 

as they undergo apoptosis to ensure placental expansion and development can occur. Generation 

of the placenta marks the end to the early pregnancy and entrance into later stages of pregnancy, 
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where events during early pregnancy can have a lasting impact (H Wang and Dey, 2006; 

Matsumoto, 2017; Cha et al., 2018; Lu, Kong and Wang, 2018). 

Doxorubicin, oncofertility, and female reproduction 

Cancer incidence among adolescents and young adults (AYA) has steadily risen, with a 

corresponding decrease in cancer deaths of these patients (Bleyer et al., 2017; Miller et al., 2020). 

It is estimated that about 100,000 children, adolescent and young adults will be diagnosed with 

cancer in 2021 and the incidence rates among female patients is outpacing that of their male 

counterparts (Henley et al., 2020). A particular concern for younger cancer patients is the 

prominent gonadotoxcity of cancer therapies, such as radiotherapy and chemotherapy (Levine, 

2012; Massarotti et al., 2019; Allen et al., 2020; Szymanska, Tan and Oktay, 2020). The field of 

oncofertility, first coined in 2006 by Dr. T. Woodruff, has quickly aimed to fill the gap in our 

understanding of methods to preserve fertility in young cancer patients (Levine, 2012; Tomao et 

al., 2016; Anazodo et al., 2018; Harada and Osuga, 2018; Moravek et al., 2019). The female 

reproductive tract relies on coordination between multiple organs to facilitate fertility, in which 

the ovaries, the Fallopian tubes (oviducts in mice), and the uterus are the physical sites for 

supporting pregnancy events. In premenopausal cancer patients, gonadotoxic trauma can lead to 

fertility impairment (Green, Sklar and Boice, 2009; Chow et al., 2016).  Specifically, special focus 

has been given to the mechanistic understanding of follicle loss associated with chemotherapy 

treatment. Phase III drug transporter, multidrug resistance protein 1 (MDR1), the DNA damage-

Tap63alpha-C-CASP3 pathway and PI3K signaling all play important roles in mediating DOX 

effects on primordial follicles. While it has also been shown that DOX can disrupt growing 

follicles, disruptions to the primordial follicle reserves can lead to detrimental effects to fertility 

later in life (Ben-Aharon et al., 2010; Xiao, Zhang, et al., 2017; Wang et al., 2018; Y. Wang et al., 
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2019; Szymanska, Tan and Oktay, 2020). The significant focus on mechanisms surrounding 

follicular toxicity has left a gap in our understanding of the effects in the CL. Granulosa and theca 

cells are undergoing rapid differentiation and exposure of uncoiled DNA, like during 

differentiation, to DOX represent a potential sensitive timepoint for DOX. DOX has been shown 

to disrupt DNA transcription through interactions with DNA, topoisomerase, and RNA polymerase 

(Figure 1.13) (Yang et al., 2014; Shrestha et al., 2019). DOX has been shown to target other 

steroidal tissues, like the testes (Das et al., 2011; Ujah et al., 2021). The CL is highly vascularized 

with endothelial cells roughly equaling the number of luteal cells (Stocco, Telleria and Gibori, 

2007). Extensive research both in-vitro and in-vivo show mechanisms associated with DOX-

induced apoptosis and damage to endothelial cells (Kotamraju et al., 2000a; Luu et al., 2018; 

Clayton et al., 2020; Luu et al., 2021). These data suggest that the CL could be a prime target of 

DOX. While little research on the DOX actions against the CL exist, significant research has been 

highlighted on DOX effects on follicles; nevertheless, the attention has been on the ovary. Little 

attention has been given to assessing potential effects in disrupting uterine functions despite 

epidemiological data suggesting that the uterus could be a target of certain chemotherapy 

regiments (Griffiths, Winship and Hutt, 2020). The uterus is critical for fertility preservation 

methods, like in-vitro fertilization and embryo transfer (IVF-ET), as the embryo must be returned 

to the uterus for pregnancy to occur (Dekel et al., 2014). This has left a significant knowledge gap 

in our understanding of the effect’s chemotherapy can have on uterine function, like implantation 

and menstruation in women. Limited epidemiological data suggests that patients who were treated 

with chemotherapy and radiotherapy have increased incidence of preterm birth and low birth 

weight infants even when donor oocytes are used, suggesting that off-target effects in the uterus 

could alter functions related to pregnancy (Griffiths, Winship and Hutt, 2020). Little data exists 
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with a targeted, in-vivo analysis of long-term consequences from chemotherapy treatment during 

comparable AYA years in rodents (Griffiths, Winship and Hutt, 2020). Sensitive windows during 

important steps in female reproductive health, such as CL formation or the WOI, are potential 

targets of chemotherapy and further in-vivo research is needed to understand how that effects 

reproductive health. 

Doxorubicin (DOX, Adriamycin, a cytotoxic anthracycline antibiotic) is a commonly-

prescribed, broad-spectrum anthracycline chemotherapy (Krischke et al., 2016; Iwamoto et al., 

2020). DOX is often prescribed as a part of combination therapies, like AC (Adriamycin and 

cyclophosphamide) in multiple treatment cycles. The label recommended dosage is a 60 mg/m2 

(~20 mg/kg in mice) i.v. bolus on day 1 or each 21-day cycle, for a total of four cycles. DOX is 

listed as a topoisomerase inhibitor, suggesting that it prevents the availability of uncoiled DNA for 

replication needed in malignant cancer cells, as well as interactions with topoisomerase that lead 

to DNA-cleavable complexes that promote cytotoxicity. However, multiple mechanisms of action 

have become evident in years following initial studies. DOX has been shown to directly bind to 

nucleotides which prevent DNA/RNA polymerases further aiding in the primary mechanism of 

action. DOX can also bind to cell membrane lipids to play an important role in cell death (Thorn 

et al., 2011; FDA, 2013; Wei et al., 2015). DOX chemotherapy increases the risk for 

cardiovascular diseases, which could be partially contributed by oxidative stress-induced 

endothelial dysfunction in the conduit arteries (Clayton et al., 2020). Other mechanisms include 

lipid peroxidation, ROS generation, mitochondrial damage, and membrane damage. Cisplatin is a 

platinum containing chemotherapeutic that also exhibits direct DNA intercalation as a major 

mechanism of action. Cyclophosphamide, an alkylating chemotherapeutic, can cause alkylation of 

DNA and is normally prescribed in tandem with DOX. Both Cisplatin and Cyclophosphamide 
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represent other commonly prescribed chemotherapeutic drugs that should be included in any risk-

assessment of chemotherapeutic drug exposure. DOX is a commonly prescribed chemotherapeutic 

drug which has been shown to target ovarian follicles and steroidogenic cells, as well as inhibits 

transcriptional processes, making it a potential disruptor of CL development. Since off target 

effects of DOX exists, it is important to understand how those could present themselves in uterine 

health. 

Understanding the potential for chemotherapeutic drugs to target the uterus requires careful 

experimental design. Uterine health and function rely on hormonal support from the ovaries. 

Follicles and the corpus luteum provide necessary progesterone and estradiol to support uterine 

gene regulation and important signaling events that aid in various uterine functions (H Wang and 

Dey, 2006; Diao et al., 2011; S. Zhang et al., 2013; Diao et al., 2015; Hewitt, Winuthayanon and 

Korach, 2016; Soleilhavoup et al., 2016). Little in-vivo data on the ability for chemotherapeutic 

drugs to alter uterine mechanisms and functions exist (Nishi et al., 2018; Samare-Najaf, Zal and 

Safari, 2020). However, both the studies left the ovaries intact during chemotherapy treatment, 

creating a confounding effect between known gonadotoxcity and downstream effects seen in the 

uterus. Any conclusion made on changes to molecular mechanisms regulating uterine function 

cannot be explicitly tied to chemotherapy treatment, furthering the knowledge gap in this field. 

Nishi et al. also had extensive differences in animal weight, an important factor in understanding 

the individual variations involved in absorption, deposition, metabolism and excretion of 

chemotherapeutic drugs, specifically DOX (Rodvold, Rushing and Tewksbury, 1988; Gurney, 

2002). Using ovareictomized mice to control for confounding effects, we showed that a human 

relevant (10 mg/kg bw I.P.) dose of DOX changed the uterine response to estrogen 1 month after 

treatment (Andersen et al., 2019). While highlighted as the only in-vivo data to unequivocally 
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show that DOX can target the uterus and alter mechanism associated with uterine function, this 

preliminary research did not include the uterine response to both estrogen and progesterone, a 

critical omission (Griffiths, Winship and Hutt, 2020). Progesterone is needed for the full extent of 

estrogen action to occur in the uterus (Wetendorf and DeMayo, 2012). Proper estrogen and 

progesterone signaling is critical for implantation in both humans and mice, as well as key in 

proper regulation of the endometrium during estrous and menstrual cycles (Dey and Lim, 2006; 

Nowak, 2018). 

Hypothesis and specific aims 

Millions of prepubescent girls and reproductive aged women suffer from cancers. A unique 

side effect of concern from anti-cancer treatments, including chemotherapy and radiotherapy, in 

premenopausal cancer patients is fertility impairment. Oncofertility thus becomes an emerging 

discipline with the expressed goal to protect the future reproductive health of cancer patients. 

Female fertility depends on a functional female reproductive system, in which the ovaries, the 

Fallopian tubes (oviducts in mice), and the uterus are the physical sites for supporting pregnancy 

events, from oocyte production in the ovary, to fertilization in the Fallopian tubes as well as early 

embryo development and transport in both Fallopian tubes and uterus, to embryo implantation and 

post-implantation embryo/fetus development in the uterus. Because of the prominent 

gonadotoxicities of many oncologic treatments, the research in oncofertility has been mainly 

focused on the ovarian follicles. In addition to the follicles that produce oocytes to initiate a 

pregnancy, the ovary also has the CL for producing P4 to support early pregnancy events, from 

preimplantation embryo development and transport to embryo implantation. The CL is a temporary 

endocrine gland normally developed from an ovulated follicle. It has three main stages during its 

life span: development, maintenance, and regression. The two main cell types in the CL are luteal 
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cells and endothelial cells. Luteal cells differentiate from granulosa and theca cells of the follicle, 

undergoing massive alterations to gene expression (Romereim et al., 2017b). Endothelial cells 

have been shown to be target by chemotherapy to undergo apoptosis. Doxorubicin is a commonly 

used chemotherapeutic agent in premenopausal cancer patients. DOX has previously been shown 

to target ovarian follicles, however no data exists on its function on the corpus luteum. 

Furthermore, the main focus of oncofertility have been on the gonadotoxic effects, which only 

represents one aspect of female reproductive health and fertility. Little information on uterine 

defects exist, information available left ovaries intact creating a confounding variable in the 

understanding of potential alterations to molecular mechanisms that drive uterine function. 

Recently epidemiologic data has been reviewed indicating potential disruptions to uterine health 

and pregnancy outcomes in patients prescribed chemotherapeutic drugs. No targeted, in-vivo data 

on direct chemotherapy actions in the uterus currently exists. Together, these knowledge gaps 

represent a glaring omission in the field of oncofertility and the research proposed in this 

dissertation aim to fill those gaps.  

Our long-term goal is to understand mechanisms of chemotherapy action affecting female 

fertility. The objective of this dissertation research is to determine cellular and molecular effects 

of chemotherapy on corpus luteum and uterine functions. My central hypothesis is that DOX 

affects corpus luteum function, through aberrations of luteal and endothelial cell functions, and 

affects ovarian hormone signaling in the uterus, disrupting mechanisms needed for uterine 

receptivity.  

Aim 1. Test the hypothesis that DOX affects corpus luteum function through 

aberrations of luteal and endothelial cell functions. 
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 It is based on preliminary data that DOX exposure causes disruptions to ovarian 

size and weight, as well as directly disrupts ovarian follicle development and targets primordial 

follicles for apoptosis. DOX has also been shown to cause apoptosis to endothelial cells, which 

roughly make up 50% of the corpus luteum cell population and support functions related to corpus 

luteum function. Key aspects related to luteal and endothelial cell function, such as steroidogenesis 

and microvasculature formation (respectively) were analyzed. 

Aim 2. Test the hypothesis that DOX affects ovarian steroid hormone signaling in the 

uterine transcriptome, resulting in functional changes to uterine receptivity. 

 It is based on preliminary data that patients treated with chemotherapeutic drugs 

had decreased uterine fluid volume and thinning uterine lining, as well as data that DOX caused 

long-term changes to the uterine response to E2 in mice. Artificial decidualization will be used as 

a marker of uterine receptivity to analyze potential disruptions to embryo implantation. Functional 

disruptions to uterine receptivity will be investigated by transcriptomic data from hormonally 

primed uteri.  

Expected outcomes from this project will reveal the cellular and molecular effects of DOX 

(at human relevant levels) on different components of female fertility, the corpus luteum and 

uterine receptivity. These endeavors are important for understanding the adverse effects and 

molecular mechanisms of decreased fertility observed in cancer patients and aim to fill knowledge 

gaps in the field of oncofertility. 
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Figure 1.3 

 

Regulation of HPG axis. Padmanabhan, V., Puttabyatappa, M. and Cardoso, R. C. (2018) 

‘Hypothalamus–Pituitary–Ovary Axis’, in Skinner, M. K. B. T.-E. of R. (Second E. (ed.). Oxford: 

Academic Press, pp. 121–129. doi: https://doi.org/10.1016/B978-0-12-801238-3.64632-9. 

 

 

 

https://doi.org/10.1016/B978-0-12-801238-3.64632-9


 

26 

Figure 1.4 

 

Two-cell, two-gonadotropin model of estrogen synthesis. Holesh JE, Bass AN, Lord M. 

Physiology, Ovulation. [Updated 2021 May 9]. In: StatPearls [Internet]. Treasure Island (FL): 

StatPearls Publishing; 2021 Jan-. 
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Figure 1.5 

 

Molecular changes in the ovary during ovulation and luteinization. Richards, J. S. and Pangas, S. 

A. (2010) ‘The ovary: basic biology and clinical implications’, The Journal of Clinical 

Investigation, 120(4), pp. 963–972. doi: 10.1172/JCI41350.  
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Figure 1.6 

 

Aspects controlling luteinization, CL development, CL maintenance, CL vascularization, and CL 

steroidogenesis. Stocco, C., Telleria, C. and Gibori, G. (2007) ‘The Molecular Control of Corpus 

Luteum Formation, Function, and Regression’, Endocrine Reviews, 28(1), pp. 117–149. doi: 

10.1210/er.2006-0022. 
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Figure 1.7 

 

Molecular signals involved in maintenance and regression of the CL. Stocco, C., Telleria, C. and 

Gibori, G. (2007) ‘The Molecular Control of Corpus Luteum Formation, Function, and 

Regression’, Endocrine Reviews, 28(1), pp. 117–149. doi: 10.1210/er.2006-0022. 

  



 

30 

Figure 1.8 

 

Mouse reproductive tract during different stages of estrus. O, ovary; OV, oviduct; U, uterus; C, 

cervix; L, lumen; E, endometrium; Ep, luminal epithelium; M, myometrium; Ug, glandular 

epithelium; St, stroma. Bertolin, K. & Murphy, B. D. 7 - Reproductive Tract Changes During the 

Mouse Estrous Cycle. in (eds. Croy, B. A., Yamada, A. T., DeMayo, F. J. & Adamson, S. L. B. 

T.-T. G. to I. of M. P.) 85–94 (Academic Press, 2014). doi:https://doi.org/10.1016/B978-0-12-

394445-0.00007-2. 
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Figure 1.9 

 

Local event in the uterus during early pregnancy. Ye, X. Uterine Luminal Epithelium as the 

Transient Gateway for Embryo Implantation. Trends Endocrinol. Metab. 31, 165–180 (2020). 
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Figure 1.10 

 

Hormonal regulation and early pregnancy. Window of implantation and receptive period of the 

uterus highlighted in green. Implantation occurs around D4.0. Modified from Wang, H. & Dey, 

S. K. Roadmap to embryo implantation: clues from mouse models. Nat. Rev. Genet. 7, 185 

(2006). 
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Figure 1.11 

 

Implantation in different species. T, trophectoderm; LE, luminal epithelium; S, stromal cell; D, 

decidual cell. Wang, H. & Dey, S. K. Roadmap to embryo implantation: clues from mouse 

models. Nat. Rev. Genet. 7, 185 (2006). 
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Figure 1.12 

 

Uterine events during early pregnancy and decidualization. Modified from Matsumoto, H. 

Molecular and cellular events during blastocyst implantation in the receptive uterus: clues from 

mouse models. J. Reprod. Dev. 63, 445–454 (2017). 
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Figure 1.13 

 

Doxorubicin common mechanisms of action in cancer cell apoptosis. Shrestha, B. et al. 

Engineering Streptomyces peucetius for Doxorubicin and Daunorubicin Biosynthesis BT  - 

Pharmaceuticals from Microbes: The Bioengineering Perspective. in (eds. Arora, D., Sharma, C., 

Jaglan, S. & Lichtfouse, E.) 191–209 (Springer International Publishing, 2019). doi:10.1007/978-

3-030-01881-8_7. 

  



 

36 

 

 

CHAPTER 2 

VARIED EFFECTS OF DOXORUBICIN (DOX) ON THE CORPUS LUTEUM OF C57BL/6 

MICE DURING EARLY PREGNANCY1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1Andersen, C.L., Byun, H., Xiao, S., Miller, D., Wang, Z., Li, Y., Viswanathan, S., Hancock, J., 

Bromfield, J., and Ye, X. 2021. submitted to Biology of Reproduction.  

 



 

37 

Title 

Varied effects of doxorubicin (DOX) on the corpus luteum of C57BL/6 mice during early 

pregnancy  

Short title 

DOX and corpus luteum 

Summary: Chemotherapeutic drug doxorubicin has varied toxic effects on the corpus luteum 

structure and function during early pregnancy. 

Key words   

Doxorubicin (DOX), corpus luteum, progesterone, StAR, lipid droplets, F-actin  

 

Christian Lee Andersen1, 2, Haeyeun Byun1, Shuo Xiao3, Doris M Miller4, Zidao Wang1,2, 

Yuehuan Li1, Suvitha Viswanathan1, Jonathan Matthew Hancock1, 2, Jaymie Bromfield1, and 

Xiaoqin Ye1, 2, # 

1 Department of Physiology and Pharmacology, College of Veterinary Medicine, University of 

Georgia, Athens, GA 30602, USA; 2 Interdisciplinary Toxicology Program, University of 

Georgia, Athens, GA 30602, USA; 4 Department of Pharmacology and Toxicology, Ernest Mario 

School of Pharmacy, Rutgers University, Piscataway, NJ 08854, USA; 4 Department of 

Pathology, College of Veterinary Medicine, University of Georgia, Athens, GA 30602, USA; 

 

Grant support 

R03HD097384 and R03HD100652 (XY) 

# Corresponding author 



 

38 

Xiaoqin Ye, M.D., Ph.D., 501 DW Brooks Dr., Department of Physiology and Pharmacology, 

College of Veterinary Medicine; Interdisciplinary Toxicology Program, University of Georgia, 

Athens, GA 30602, USA (Tel: 1-706-542-6745; E-mail: ye@uga.edu; ORCID: 0000-0002-1037-

9005) 

 

  

mailto:ye@uga.edu


 

39 

Abstract 

The corpus luteum (CL) is normally developed from an ovulated follicle to produce progesterone 

for supporting early pregnancy. Certain chemotherapeutic drugs are toxic to ovarian follicles but 

their effects in CLs remain largely unknown. We selected doxorubicin (DOX) as a representative 

chemotherapeutic drug and early pregnancy mice as an in vivo model to fill in this knowledge gap. 

To circumvent secondary effects on CLs from DOX-induced follicular toxicity, mice were given 

a single intraperitoneal injection of DOX (10 mg/kg) in days 0.5 post coitum (D0.5, post-

ovulation). Varied DOX effects on D3.5 serum progesterone levels were observed in both mixed 

background mice and C57BL/6 mice. Further studies using D3.5 C57BL/6 ovaries revealed that 

all DOX-treated ovaries had increased follicular granulosa cell death, and lipid droplet 

accumulation and F-actin disruption in luteal cells. CLs from DOX-treated mice with progesterone 

deficiency also had less defined luteal cords (surrounded by endothelial cells) and disrupted 

expression pattern of collagen IV (a marker of basal lamina of endothelial cells), and reduced 

expression of steroidogenic acute regulatory protein (StAR, for the rate-limiting step of 

progesterone steroidogenesis in mitochondria) in luteal cells. Reduced StAR expression was not 

caused by lack of mitochondria but possibly by disrupted mitochondrial functions. These novel 

data reveal that DOX can target both endothelial cells and luteal cells, the two main cell types in 

the CL, and that there is varied individual sensitivity of CL to DOX toxicity during early 

pregnancy. This study provides important information for risk assessment of chemotherapy in 

female reproduction. 

 

 

 



 

40 

Introduction 

Millions of prepubescent girls and reproductive aged women suffer from cancers. A unique side 

effect of concern from anti-cancer treatments, including chemotherapy and radiotherapy, in 

premenopausal cancer patients is fertility impairment (Green et al., 2009; Chow et al., 2016). 

Oncofertility thus becomes an emerging discipline with the expressed goal to protect the future 

reproductive health of cancer patients (Tomao et al., 2016; Anazodo et al., 2018; Harada and 

Osuga, 2018). Female fertility depends on a functional female reproductive system, in which the 

ovaries, the Fallopian tubes (oviducts in mice), and the uterus are the physical sites for supporting 

pregnancy events, from oocyte production in the ovary, to fertilization in the Fallopian tubes as 

well as early embryo development and transport in both Fallopian tubes and uterus, to embryo 

implantation and post-implantation embryo/fetus development in the uterus. Because of the 

prominent gonadotoxicities of many oncologic treatments, the research in oncofertility has been 

mainly focused on the ovarian follicles (Xiao, Zhang, et al., 2017; Wang et al., 2018; Winship et 

al., 2019; Y. Wang et al., 2019; Eldani et al., 2020; Almeida et al., 2021). In addition to the follicles 

that produce oocytes to initiate a pregnancy, the ovary also has the corpus luteum (CL, pl: corpora 

lutea) for producing progesterone (P4) to support early pregnancy events, from preimplantation 

embryo development and transport to embryo implantation (Bazer et al., 2010; C. Zhang et al., 

2013; Zhang and Murphy, 2013; El Zowalaty, Li, Zheng, et al., 2017; Z. Wang et al., 2019; Ye, 

2020). Any toxic effects of chemotherapy on the CL remain largely unknown. 

The CL is a temporary endocrine gland normally developed from an ovulated follicle. It 

has three main stages during its life span: development, maintenance, and regression. The two 

main cell types in the CL are luteal cells and endothelial cells (Davis, Rueda and Spanel-Borowski, 

2003b). The vasculature in the CL supports luteal cell functions, particularly P4 steroidogenesis 
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(Christenson and Devoto, 2003; Duffy et al., 2018). The precursor cholesterol for P4 

steroidogenesis in luteal cells is mainly imported from the circulation via endocytosis or selective 

uptake and it has a minor source via de novo cholesterol synthesis (Christenson and Devoto, 2003). 

Cholesterol can be stored in the cytoplasmic lipid droplets as cholesteryl esters, which will undergo 

hydrolysis via the intracellular neutral hormone-sensitive lipase (HSL, also named cholesteryl 

ester hydrolase (CEH)) and/or lysosomal acid lipase (LAL) to free cholesterol for P4 

steroidogenesis (Singh and Cuervo, 2012; Wang, 2016; Talbott et al., 2020). Transport of 

cholesterol from the outer to the inner mitochondrial membrane for P4 steroidogenesis is the rate-

limiting step carried out by steroidogenic acute regulatory protein (StAR) (Christenson and 

Devoto, 2003; Manna, Dyson and Stocco, 2009). P450 side chain cleavage (P450SCC/CYP11A1) 

converts cholesterol to pregnenolone on the inner mitochondrial membrane, and 3β-

hydroxysteroid dehydrogenase (3β-HSD) then converts pregnenolone to P4 in the smooth 

endoplasmic reticulum (SER) (Christenson and Devoto, 2003). P4 steroidogenesis is accompanied 

by dramatic changes in morphology and numbers of mitochondria and SER complexes 

(Christenson and Devoto, 2003). Serum P4 levels increase with CL development and reach a 

plateau by 3.5 days post coitum (D3.5, embryo implantation initiates ~D4.0 in mice) in mice to 

support early pregnancy events, such as preimplantation embryo transport from the oviduct to the 

uterus and establishment of uterine receptivity for embryo implantation (Ye, 2020). If pregnancy 

does not occur, such as during pseudopregnancy, the CL will undergo luteal regression, which is 

marked by structural and functional degradation of the CL, such as lipid droplet accumulation in 

luteal cells (Strauss et al., 1977; Lee-Thacker et al., 2018), luteal cell death, and a sharp drop of 

serum P4 level (Anupriwan et al., 2008).  
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Doxorubicin (DOX, Adriamycin, a cytotoxic anthracycline antibiotic) is a commonly used 

chemotherapeutic agent in premenopausal cancer patients (Iwamoto et al., 2020; Johnson-Arbor 

and Dubey, 2020). Its chemotherapeutic effects on cancer cells may involve different mechanisms, 

such as intercalation into DNA and disruption of topoisomerase-II-mediated DNA repair, as well 

as generation of free radicals to damage cellular membranes, DNA, and proteins (Thorn et al., 

2011). DOX chemotherapy increases the risk for cardiovascular diseases, which could be partially 

contributed by oxidative stress-induced endothelial dysfunction in the conduit arteries (Clayton et 

al., 2020). DOX has toxicities on ovarian follicles in rodents (Xiao, Zhang, et al., 2017; Nishi et 

al., 2018; Wang et al., 2018; Y. Wang et al., 2019), such as follicular atresia and overactivation 

(Nishi et al., 2018; Y. Wang et al., 2019), and impaired secretion of 17beta-estradiol (E2) (Xiao, 

Zhang, et al., 2017), and toxicities of DOX are exacerbated by deficiency of multidrug resistance 

protein 1 (MDR1) (Wang et al., 2018). The CL is a highly vascularized transient organ in the ovary 

that could represent a prime target for DOX-induced toxic action. In addition, DOX can target 

steroidogenic tissues, such as testis (Das et al., 2011; Ujah et al., 2021). We hypothesized that 

DOX may have toxic effects on the CL. We tested this hypothesis in mice with a focus on 

parameters related to P4 steroidogenesis during early pregnancy. 

Materials and Methods 

Animals. In the initial study, mixed background (C57BL/6 and 129/SvJ (Ye et al., 2005)) 

wild type mice (10-22 weeks old at dissection) that were available in our mouse colony were used. 

In the second study, C57BL/6 female mice (6 weeks old) were purchased from the Jackson 

Laboratory (Ellsworth, Maine). They were acclimated to the Coverdell animal facility at the 

University of Georgia for 2 weeks with body weight monitored twice a week to ensure well 

acclimation to the new environment. At 8 weeks old, the acclimated females were mated with stud 
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males and checked for the presence of a vaginal plug (an indication of mating) the following 

morning. The day of plug detection was designated as 0.5 days post coitum (D0.5). The Coverdell 

animal facility is on a 12-hour light/dark cycle (6:00 AM to 6:00 PM) at 23 ± 1 °C with 30–50% 

relative humidity. All mice had free access to regular chow 5053 (Labdiet, St. Louis, MO, USA) 

and water. All methods used in this study were approved by the University of Georgia IACUC 

Committee (Institutional Animal Care and Use Committee) and conform to National Institutes of 

Health guidelines and public law.  

Doxorubicin (DOX) treatment and tissue collection. Dose selection: In humans, the 

recommended dosing of DOX follows a 21-28 day 40-60 mg/m2 cycle and maximal 4 cycles based 

on patient information (age, body weight, disease status, etc.) and cancer type (Kabarowski, 2001). 

We used a single intraperitoneal (i.p.) injection of 10 mg/kg body weight of DOX in mice to 

determine its effects in ovarian follicles (Xiao, Zhang, et al., 2017; Wang et al., 2018; Y. Wang et 

al., 2019) and the uterus (Andersen et al., 2019). Based on FDA animal-human dose conversions, 

10 mg/kg in adult mice is equivalent to ~30 mg/m2 in adult humans (Nair and Jacob, 2016), which 

is within the clinically used chemotherapy dose range. Treatment timing: A CL is normally 

developed from an ovulated follicle and ovulation in cyclic mice occurs in the same night of mating 

(BINGEL and SCHWARTZ, 1969), which can be detected by the presence of a vaginal plug the 

next morning. Since DOX is toxic to the ovarian follicles that could affect subsequent ovulation 

and CL formation and development, DOX treatment was applied on post-ovulation D0.5, therefore 

avoiding any secondary effects on the CL from the follicular toxicity of DOX. DOX treatment: 

DOX (D-4000, LC Laboratories, Woburn, MA) was dissolved in DMSO to make a stock at 100 

mg/ml, aliquoted, and kept at -20°C. A thawed aliquot was kept at 4°C and used within 3 days of 

thawing. Upon detection of a vaginal plug, D0.5 females were randomly assigned into two groups 
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to receive a single i.p. injection of vehicle control (100 l of <2% DMSO in sterile 1x PBS, the % 

of DMSO was the same as that in DOX-treated group) or DOX (10 mg/kg, mouse body weight 

(kg) x 10 mg/kg (final dose) / 100 mg/ml (stock concentration) = ml of stock solution diluted into 

sterile 1x PBS in 100 ul), respectively. Although it is unclear about the half-life of DOX in the 

mouse ovaries via i.p. injection, studies reported a half-life of DOX ranging from 11 hours to 45 

hours in different mouse tissues upon a single i.p. injection of 11-12 mg/kg (Siemann and 

Sutherland, 1979; Johansen, 1981). Dissection:  On D3.5, mice were anesthetized via isoflurane 

inhalation. Blood was collected via the orbital sinus for serum collection as previously described 

(El Zowalaty, Li, Zheng, et al., 2017; Z. Wang et al., 2019). The left ovary was snap frozen in 

liquid nitrogen and kept at -80°C, while the right ovary was fixed in Bouin’s solution for 24 hours, 

then kept in 70% ethanol at 4°C. In the D3.5 C57BL/6 mice, one side of oviduct and uterine horn 

was flushed to determine the effects of DOX on oocytes and embryos. 

Serum progesterone (P4) and 17β-estradiol (E2) measurement. Serum was collected from 

the blood samples after clotting at room temperature for 45 minutes and stored at -80°C.  Serum 

P4 and E2 were measured in the Ligand Assay and Analysis Core of the Center for Research in 

Reproduction at the University of Virginia (Charlottesville, Virginia).  

Ovary histology and the number of corpora lutea (CLs). The fixed C57BL/6 ovaries were 

processed for paraffin embedding as previously described (Zhao et al., 2013, 2014; El Zowalaty, 

Li, Zheng, et al., 2017; Z. Wang et al., 2019). Paraffin sections (6 µm) through the widest middle 

portion of the ovaries were collected, processed, and stained with hematoxylin and eosin. The 

numbers of CLs in ovarian sections were independently examined by four individuals who were 

blinded to the treatments. For the sections with inconsistent counting of CLs, they were reevaluated 
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by the four individuals together to agree on a final number of CLs on each section. The number of 

CLs from one middle section per ovary per mouse was used for statistical analysis.  

Immunohistochemistry and immunofluorescence. Immunohistochemistry was employed to 

detect proliferating cells using anti-proliferating cell nuclear antigen (PCNA, 1:500, D3H8P, Cell 

Signaling Technology) in fixed C57BL/6 ovarian sections (6 m) as previously described (El 

Zowalaty, Li, Chen, et al., 2017). The sections were counterstained with hematoxylin. 

Immunofluorescence was used to detect collagen IV (Col IV), StAR, and heat shock protein 60 

(HSP60). Briefly, paraffin / frozen sections were processed and subjected to antigen retrieval in 

0.01 M sodium citrate (pH 6.0) at 95°C for 20 min. Sections were washed with 1xPBS followed 

by membrane permeabilization with 0.15% Triton X-100. The slides were then washed and 

blocked with 10% goat serum (16210064, ThermoFisher) with 1% BSA (B14, ThermoFisher) in 

1x TBS for fixed sections or 1x PBS for frozen sections for 1 hour at room temperature; they were 

subsequently incubated with anti-collagen IV (1:200, Abcam, ab19808), anti StAR (1:700, Abcam, 

ab96637), or anti-HSP60 (1:400, Cell Signaling Technology, mAb #12165) in a humidified 

chamber for overnight at 4°C. The following day, the sections were washed in 1xPBS and 

incubated with secondary Alexa Fluor 488-conjugated goat anti-rabbit IgG antibody (1:200, 

Invitrogen, A11034) for 1 hour. The sections were counterstained and mounted in DAPI (4’,6’-

diamino-2-phenylindole)-containing Vectashield (Vector Laboratories, Burlingame, CA, USA). 

The negative control was processed together except without the primary antibody. 

TUNEL staining. Frozen C57BL/6 ovarian sections (10 μm) were fixed in freshly-prepared 

4% paraformaldehyde in 0.02 M PBS (pH 7.4) at 27°C for 10 min. Slides were washed 2x5 min 

in 1X PBS, and permeabilized in 1X PBS-T (0.1% Triton X-100) with 0.1% sodium citrate. 

TUNEL reaction mixture was made by adding 5 µL TUNEL-enzyme solution to 45 µL TUNEL-
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label solution. Slides were incubated with the mixture for 1 hour at 37°C in a humidified chamber. 

Slides were rinsed 3 times in 1X PBS and counterstained and mounted in 4′,6′-diamino-2-

phenylindole (DAPI)-containing Vectashield. The negative control was processed together except 

without the 5 µL TUNEL-enzyme solution. 

Lipid droplet staining. Frozen C57BL/6 ovarian sections (10 μm) were fixed in 4% 

paraformaldehyde at room temperature for 20 minutes, washed twice in 1X PBS, then covered 

with 1.6 μg/ml Nile red (N3013, Sigma-Aldrich) in 1X PBS at room temperature for 15 minutes. 

Sections were then washed in 1X PBS and counterstained with DAPI. The numbers and sizes of 

lipid droplets were quantified using ImageJ (El Zowalaty, Li, Zheng, et al., 2017; Z. Wang et al., 

2019). Briefly, original TIF images were converted to single-channel, 8-bit images. Quantile based 

normalization was used to standardize the image intensities. Finally, background subtraction, 

threshold segmentation, and quantification of lipid droplets were performed using ImageJ. 

Phalloidin staining. Frozen C57BL/6 ovarian sections (10 μm) were fixed in freshly-

prepared 4% paraformaldehyde in 0.02 M PBS (pH 7.4) at 23°C for 10 min. Slides were washed 

2x5 min. in 1X PBS. Slides were permeabilized and blocked for non-specific staining in 1X PBS-

T (0.1% Triton X-100) in 1% BSA for 30 min, washed 2x5 min in 1X PBS, and incubated with 

200 µL 488-conjugated phalloidin solution (1:100 dilution) for 30 min at 23°C. The negative 

control received 200 µL 1X PBS. Slides were washed 2x5 min. in 1X PBS. Slides were 

counterstained and mounted in 4′,6′-diamino-2-phenylindole (DAPI)-containing Vectashield (H-

1200-10, Vector Laboratories). 

Statistical Analysis. Data are presented as dots or mean±SD where applicable. A linear 

mixed model fit by REML using Sattherthwaite’s method was used to analyze the percent weight 

change from D0.5 to D3.5. The percent weight change data were analyzed in R (Version 4.0.2, 
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package lmerTest 3.1-3). Variances between two groups were tested using the “F-test Two-Sample 

for Variances” in Excel. Correlation analyses between % body weight change and serum P4 levels 

were done using “Regression” in Excel. Two-tailed equal or unequal variance student t-test was 

used to compare two groups. Significance level is set at P<0.05. 

Results 

Effects of DOX treatment on body weight and serum progesterone levels  

In the initial study, we used wild type mice with mixed background (C57BL/6 and 129/SvJ 

(Ye et al., 2005)) that were available in our mouse colony. Their age range was from 10.0 to 22.1 

weeks at dissection (16.2 ± 4.2 weeks in PBS group and 14.5 ± 5.4 weeks in DOX group). DOX 

treatment significantly reduced body weight gain on D1.5 (-3.0% ± 1.9% in PBS group and -5.1% 

± 1.4% in DOX group, P=0.0262) (Fig. 2.1A). The DOX-treated mice quickly regained body 

weight and the body weight gains compared to D0.5 were comparable between the two groups on 

both D2.5 and D3.5 (Fig. 2.1A).  

A main function of the CL during early pregnancy is to produce P4 for supporting early 

pregnancy events. The serum P4 levels reach a plateau by D3.5 in mice. Among the 13 samples in 

this initial experiment, four samples with the lowest P4 levels were in the DOX-treated group, 

which had three other samples within the full range of P4 levels in the control group (Fig. 2.1B, 

P=0.097). There was no significant correlation between the P4 levels and the changes of body 

weight on D1.5 (Fig. 2.1C, P=0.153). There was no significant difference in serum 17β-estradiol 

(E2) levels between the two groups (P=0.828, data not shown). Since the mice in the initial study 

were in mixed background and ranging from 10.0 weeks to 22.1 weeks old, the varied effects of 

DOX on P4 levels of individual mice promoted us to test the hypothesis in mice with C57BL/6 

pure background and a narrower age range.  
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To control the potential variables of mouse background and age, we ordered C57BL/6 

females in the 2nd set of study and only included the mice plugged within 11 days of cohabitation 

with stud males. They were randomly assigned into two groups on D0.5 to receive a single i.p. 

injection of PBS (N=6, vehicle control) and DOX (N=5), respectively. The plugging latency 

(duration from cohabitation to vaginal plug detection) and the body weight at the time of treatment 

on D0.5 were comparable between the two groups. DOX treatment also significantly reduced body 

weight gain on D1.5 (-0.3% ± 1.8% in PBS group and -3.9% ± 3.0% in DOX group, P=0.00774). 

The temporal patterns of body weight change were comparable between the two sets (Fig. 2.1A & 

2.1D). In the 2nd set, the ages at dissection on D3.5 were at a narrow range of 9.9 ± 0.4 weeks in 

the PBS group (N=6) and 10.1 ± 0.7 weeks in the DOX group (N=5). However, even with all the 

potential variables controlled in the 2nd set, varied effects of DOX on P4 levels of individual mice 

were still present. Among the 11 samples, the three lowest ones were in the DOX-treated group, 

which had two other samples with comparable P4 levels as the control group (Fig. 2.1E, P=0.068). 

There was no significant correlation between the P4 levels and the changes of body weight on 

D1.5 (Fig. 2.1F, P=0.390). There was no significant difference in E2 levels between the two groups 

(P=0.215, data not shown). These data indicate that a single injection of DOX treatment on D0.5 

can have varied effects on CL function in P4 synthesis. We focused on the 2nd set of mice for 

further analyses.  

Preimplantation embryo development  

Control mice: The timing of mouse preimplantation embryo development follows an order 

of zygote (D0.5/E0.5), 2-cell (D1.5/E1.5), morula (D2.5/E2.5), and blastocyst (D3.5/E3.5) stages 

(Zhao et al., 2013; Kojima, Tam and Tam, 2014). The mouse embryos are in the oviduct by D3.0 

and are in the uterus by D3.5 under the normal condition (Ye, 2020). When the C57BL/6 mice 
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were dissected on D3.5, one side of oviduct and uterine horn from each mouse was flushed to 

determine the location of oocytes and embryos as well as embryo development stages. Among the 

flushing from five of the six oviducts (one with nothing) in the control group, there were 4 germinal 

vesicle (GV) oocytes (Fig. 2.2Ai), 8 degenerated possible oocytes with low density cytoplasm 

(Fig. 2.2Aii), and 3 possible later stage oocytes, which had dense aggregates in the cytoplasm 

detached from the zona pellucida but had no identifiable nucleus or polar body (Fig. 2.2Aiii); there 

were 12 blastocysts (Fig. 2.2Aiv) flushed from three out of the six uterine horns but no oocytes 

nor earlier stage embryos flushed from any of the six uterine horns. These observations in the 

control group indicate that only blastocysts were present in the uterus, while unfertilized oocytes 

were retained in the oviduct.  

DOX-treated mice: In the oviducts, among the flushing from four of the five oviducts in 

the DOX group (N=5 mice), there were 3 degenerated possible oocytes with low density cytoplasm 

(Fig. 2.2Bi), 5 possible metaphase II (MII) oocytes or zygotes with dense aggregates in the 

cytoplasm detached from the zona pellucida and with a polar body but without an identifiable 

nucleus (Fig. 2.2Bii), 1 zygote with dense aggregates in the cytoplasm and two polar bodies (one 

fragmented) (Fig. 2.2Biii), 1 zygote with two nuclei and one visible polar body (Fig. 2.2Biv), and 

1 2-cell embryo with dense aggregates in the cytoplasm (Fig. 2.2Bv). In the uterine horns, there 

were 2 degenerated possible oocytes (Fig. 2.2Bvi) and 3 zygotes with dense aggregates in the 

cytoplasm and two polar bodies but without identifiable nuclei (Fig. 2.2Bvii) flushed from one 

uterine horn but no oocytes or embryos were flushed from the other four uterine horns in this 

group. These observations indicate that DOX treatment inhibited early embryo development in 

vivo and that DOX treatment might interfere with oocyte/embryo transport as well.    

Ovary histology 
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  The CL numbers from histology of D3.5 ovaries were comparable between the control and 

DOX-treated groups (Fig. 2.3A) and there was no apparent difference in the general appearance 

of the CLs under low magnification between the two groups (Fig. 2.3B-D). Under higher 

magnification, there were three obvious morphological changes in the CLs from DOX-treated mice 

with low P4 levels: 1) the corpus luteal cords, which were permeated by microvasculature, were 

less defined (Fig. 2.3C1) than that seen in the control CL (Fig. 2.3B1); 2) there was scattered cell 

debris that may indicate scattered luteal cell degeneration (Fig. 2.3C1); and 3) the luteal cells did 

not show the typical large polygonal cytoplasm and the luteal cell cytoplasm often showed small 

foamy areas (Fig. 2.3C1). In the ovaries from DOX-treated mice with normal P4 levels (Fig. 

2.3D1), there were defined corpus luteal cords outlined by endothelial cells in the CLs; there was 

no obvious cell debris, but there was foamy cytoplasm and the nuclei appeared larger and less 

dense in the luteal cells (Fig. 2.3D1). The foamy areas in the cytoplasm were most likely occupied 

by lipid droplets that were dissolved during histological processing. These data indicate that DOX 

treatment has various effects on both endothelial cells and luteal cells in the CL, even though the 

effects may not be correlated with impaired P4 synthesis. Regardless of the effect of DOX 

treatment on the serum P4 levels, the histology also confirmed that DOX treatment increased 

granulosa cell death in the developing follicles (Fig. 2.3B2-2.3D2), and this observation is 

consistent with previous studies in non-pregnant mice (Xiao, Zhang, et al., 2017; Wang et al., 

2018; Winship et al., 2019; Y. Wang et al., 2019; Eldani et al., 2020; Almeida et al., 2021). The 

increased granulosa cell death in the developing follicles was not reflected in the serum E2 levels 

most likely due to the normally low E2 levels during early pregnancy.   

PCNA staining to detect cell proliferation in the ovary 
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PCNA immunostaining indicated that the overall strongest staining was in the granulosa 

cells of developing follicles of both control and DOX-treated ovaries (Fig. 2.4A-2.4C) despite 

more intense staining in the control follicles than in the DOX-treated follicles (Fig. 2.4A-2.4C), 

which most likely reflects reduced cell density due to the increased granulosa cell death in DOX-

treated follicles as seen in the histology (Fig. 2.3B2-2.3D2). PCNA-positive cells were scattered 

in the CLs (Fig. 2.4A1-2.4C1). In the control CLs, most of the PCNA-positive cells were 

endothelial cells with an elongated nucleus surrounding the luteal cords and only occasionally the 

PCNA-positive cells had a round nucleus, which might be luteal cells or immune cells (Fig. 

2.4A1); in the DOX-treated CLs from mice with low P4 levels, the luteal cords were not defined, 

and most of the scattered PCNA-positive cells do not have the typical appearances of endothelial 

cells (Fig. 2.4B1); in the DOX-treated CLs from the two mice with normal P4 levels (Fig. 2.1E), 

one had defined luteal cord but the PCNA-positive cells were reduced (Fig. 2.4C1) compared to 

the control (Fig. 2.4A1), the other one had comparable pattern of PCNA staining (data not shown) 

as the control. These data indicate that DOX treatment has varied adverse effects on the 

proliferation of endothelial cells in the CL.  

Col IV staining to detect basal lamina of endothelial cells in the ovary 

Col IV is a marker of the basal lamina of endothelial cells. Immunofluorescence of Col IV 

revealed that compared to the control group (Fig. 2.4D, 2.4D1), the expression level of Col IV was 

reduced and the expression pattern of Col IV was disorganized in the CLs from the DOX-treated 

mice with low P4 levels (Fig. 2.4E, 2.4E1), consistent with the lack of defined luteal cords in 

histology (Fig. 2.3C1) and PCNA staining (Fig. 2.4B1). The Col IV staining pattern in the CLs 

from DOX-treated mice with normal P4 levels was in between the above two patterns (Fig. 2.4F, 

2.4F1).  
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TUNEL staining to detect cell death in the ovary 

A distinctive pattern in the ovary sections from both groups was the intense and massive 

TUNEL staining in some follicles (Fig. 2.5A-2.5C) due to physiological ovarian follicle atresia in 

the control group and additional toxic effect of DOX in the follicles of DOX-treated group. The 

numbers of identifiable growing follicles in the TUNEL and DAPI double-stained sections were 

comparable between the control (7.5 ± 2.1) and the DOX-treated (7.2 ± 2.4, P=0.831) groups (Fig. 

2.5D); however, the percentage of TUNEL positive growing follicles was significantly higher in 

the DOX-treated group (87.8% ± 12.6%) than that in the control group (45.9% ± 14.4%, 

P=0.00062) (Fig. 2.5E). It was consistent with the histology observation and served as another 

indication of the DOX effect on the ovarian follicles. In addition, the TUNEL-positive follicle cell 

density was lower in the DOX-treated group (Fig. 2.5A2-2.5C2), consistent with the histology 

(Fig. 2.3B2-2.3D2). This study revealed that DOX-induced cell death in the growing follicles 

during early pregnancy remained significant three days after treatment.  

In the CLs from the control group, there was no TUNEL staining in the sections from 5 of 

the 6 mice in this group (Fig. 2.5A, 2.5A1). In the section from the 6th mouse with the lowest P4 

level (Fig. 2.1E), there were scattered TUNEL-positive cells in the CLs (data not shown). In the 

CLs from the DOX-treated group, the CLs from mice with low P4 levels had scattered TUNEL-

positive cells (Fig. 2.5B, 2.5B1); while those from the mice with normal P4 levels had no TUNEL-

positive cells (Fig. 2.5C, 2.5C1). These data indicate varied effects of DOX on cell apoptosis in 

the CL and increased cell apoptosis in the CL was associated with low serum P4 levels.      

StAR staining to detect the enzyme for the rate-limiting step of steroidogenesis in the corpus luteum  

An essential step of steroidogenesis is the conversion of the substrate cholesterol to 

pregnenolone in the mitochondria; while the rate-limiting step of steroidogenesis is the transport 
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of the substrate cholesterol from the outer to the inner mitochondrial membrane, a step carried out 

by the steroidogenic acute regulatory protein (StAR) (Christenson and Devoto, 2003). StAR 

immunofluorescence revealed that all mice except the one with the lowest P4 level (Fig. 2.1E) in 

the control group had strong StAR staining in the majority of luteal cells (Fig. 2.6A, 2.6A1); in the 

DOX-treated mice with low P4 levels, most of the luteal cells had minimal StAR staining and only 

a few scattered luteal cells had strong StAR staining (Fig. 2.6B, 2.6B1); and in the DOX-treated 

mice with normal P4 levels, the intensity of StAR staining ranged from weak to strong in the luteal 

cells (Fig. 2.6C, 2.6C1). These data demonstrate varied effects of DOX treatment on StAR staining 

in the luteal cells and a dramatic reduction of StAR expression in luteal cells was associated with 

low P4 levels in the DOX-treated group.  

HSP60 staining to detect mitochondria in the corpus luteum  

Since StAR is expressed in the mitochondria and DOX can accumulate in the mitochondria 

to cause oxidative stress (Sarvazyan, 1996; Yen et al., 1999), to determine if DOX could affect the 

mitochondrial density, and thus indirectly affect the StAR expression levels in the luteal cells, we 

detected the expression of heatshock protein 60 (HSP60), a mitochondrial marker localized in the 

matrix of mitochondria (Cheng, Hartl and Norwich, 1990). HSP60 immunofluorescence indicated 

that all CLs in different groups had strong HSP60 staining (Fig. 2.6D-F) and the strongest HSP60 

staining in the CL was in the cytoplasm of luteal cells (Fig. 2.6D1-2.6F1). Therefore, the reduction 

of StAR expression in the DOX-treated luteal cells (Fig. 2.6B1 & 2.6C1) was not caused by lack 

of mitochondria.  

Nile Red staining to detect lipid droplets in the corpus luteum 

The key function of StAR in steroidogenesis is to transport the substrate cholesterol and 

lipid droplets are a main source of cholesterol. We detected the lipid droplets in the CLs using Nile 
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Red staining. At low magnification, the Nile Red staining in the control CLs was relatively lighter 

than that in the surrounding interstitial compartment (Fig. 2.7A); while that in the DOX-treated 

CLs was more comparable to the surrounding interstitial compartment (Fig. 2.7B, 2.7C). At high 

magnification, compared to the sizes of the lipid droplets in the control luteal cells (Fig. 2.7A1), 

the lipid droplets in the DOX-treated luteal cells were more variable in sizes with some large ones 

regardless of the P4 levels (Fig. 2.7B1, 2.7C1). Quantification data revealed increased average size 

of lipid droplets in DOX-treated group (Fig. 2.7D). These data demonstrate lipid droplet 

accumulation in DOX-treated luteal cells that was not correlated with StAR expression or serum 

P4 levels.    

Phalloidin staining to detect cytoskeleton integrity in the corpus luteum  

The cytoskeleton is critical for directional lipid droplet movement in the cytoplasm. 

Phalloidin staining was used to detect F-actin in the CLs. In the control CLs, the individual luteal 

cells (w/round nuclei) were readily identifiable because the continuous sheet-like Phalloidin 

staining clearly outlined the positions of the nuclei (Fig. 2.7E, 2.7E1). However, in the DOX-

treated CLs (Fig. 2.7F, 2.7G), the majority of luteal cells were not as readily identifiable as those 

in the control CLs (Fig. 7E), because the Phalloidin staining was often seen as clusters (Fig. 2.7F-

2.7G1), especially in the CLs from DOX-treated mice with low P4 levels (Fig. 2.7F, 2.7F1). These 

data demonstrate disrupted cytoskeleton in DOX-treated luteal cells.     

Discussion 

Doxorubicin (DOX) is a widely used chemotherapeutic agent. A major side effect of DOX 

is intestinal mucositis. In our early pregnancy mouse model, the first response observed was a 

transient body weight loss detected 24 hours after injection, which disappeared within 48 hours of 

treatment. It was demonstrated in pigs and rodents that reduced food consumption and 
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gastrointestinal damage were contributing factors for DOX-induced weight loss (Martin et al., 

2014; Seiler et al., 2015; Carr, King and Dekaney, 2017). We did not examine food consumption 

nor the intestine on D1.5 in this study when the weight loss was transiently evident. Although there 

was an overall reduction of body weight in the DOX-treated group on D1.5, there were different 

levels of reduction, indicating varied individual sensitivity. In addition, no significant correlation 

between body weight changes and serum P4 levels could suggest different sensitivities on different 

parameters within the same individual towards DOX treatment.  

DOX has toxic effects on cultured embryos (WANG et al., 2012; Chang et al., 2014). 

Information about effects of DOX on early embryo development in vivo remains lacking. Our 

limited data indicated that a single therapeutical relevant dose of DOX (10 mg/kg) prevented 

mouse embryo development beyond 2-cell stage, mainly arrested at 1-cell zygote stage in vivo. 

Since DOX was delivered via i.p. injection shortly after fertilization when ovarian hormones P4 

and E2 are at low levels (Haibin Wang and Dey, 2006; Ye, 2020), the toxic effects on the embryos 

were most likely caused by direct exposure to DOX in the oviduct. How does DOX reach the 

oocytes/embryos in oviductal lumen? DOX via i.v. or i.p. injection in mice was shown to reach 

the ovary and uterus within hours (Asperen et al., 1998; Y. Wang et al., 2019). Although there is 

insufficient literature on DOX pharmacokinetics in the mouse oviduct, which is localized in 

between the ovary and the uterus, it is reasonable to speculate that DOX could be distributed to 

the oviduct within hours of injection, and in our experimental setting, DOX distribution in the 

oviduct may peak within hours of injection before an embryo reaches the 2-cell stage on D1.5. 

Based on a study that i.v. injected tracers on D0.5 mice were detected in the multivesicular bodies 

and in numerous small vesicles in the apical portion of the preampulla oviductal epithelial cells 

(Parr, Tung and Parr, 1988) and another study showing the role of multidrug resistance protein 1 
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(MDR1) in exporting DOX from ovarian cells (Wang et al., 2018), we expect that both exocytosis 

and ABC transporters on the oviductal epithelial cells could be involved in transporting i.p. 

injected DOX into the oviductal lumen to affect the zygotes on D0.5 in this study. How could 

DOX cause zygote arrest in the oviductal lumen? One possibility could be the adverse effect of 

DOX on F-actin to impair DNA damage repair (Okuno et al., 2020).  

Luteal cells are normally differentiated from the remaining granulosa cells and theca cells 

in the ovulated follicles. This study revealed that during early pregnancy, in contrast to massive 

apoptosis of granulosa cells in the developing follicles, the luteal cells in the CLs were rarely 

TUNEL positive upon DOX treatment and luteal cell apoptosis was occasionally observed in the 

CLs from DOX-treated mice with low P4 levels. One explanation is the expression of ATP-binding 

cassette family of transporters (ABC transporters), such as P-glycoprotein (also called multidrug 

resistance protein 1 (MDR1) / ABCB1 / CD243), that pump drugs out of the cells. DOX was 

accumulated in cardiac tissue of mice lacking mdr1a P-glycoprotein (Asperen et al., 1998), which 

also had increased ovarian toxicity (Wang et al., 2018) due to the expected intracellular 

accumulation of DOX. P-glycoprotein has a spatiotemporal expression pattern in the ovary. It was 

shown to be highly upregulated in the granulosa cells of rat preovulatory follicle after equine 

chorionic gonadotropin CG (eCG) stimulation for 42 h (pre-ovulation) and it remains highly 

expressed in the luteal cells post-ovulation (Lee, Croop and Anderson, 1998). The upregulation of 

P-glycoprotein in the CLs compared to follicles was also evident in adult mouse ovaries at estrus 

stage (Wang et al., 2018). Since DOX treatment was administrated on D0.5 (post-ovulation), P-

glycoprotein expression is expected to be already upregulated to pump out DOX from the luteal 

cells. Therefore, one reasonable explanation for the resistance of luteal cells in the CLs but 

vulnerability of granulosa cells in the follicles from DOX-induced cell death would be the 
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upregulation of ATP transporters, such as P-glycoprotein, in CL to reduce DOX levels in the luteal 

cells. Since chemotherapeutic drugs, including DOX, are preferentially targeting proliferating cells 

(e.g., cancer cells), and luteal cells are not typically proliferating while granulosa cells are highly 

proliferating, minimal cell proliferation in luteal cells can be another contributing factor for their 

resistance to DOX-induced apoptosis.  

In addition to the luteal cells, the other main type of cells in the CL are endothelial cells 

(Davis, Rueda and Spanel-Borowski, 2003b). Although the area of an ovarian follicle occupied by 

granulosa cells lacks vasculature, the CL is highly vascularized (Duffy et al., 2018). The 

vasculature in the CL supports CL development and luteal cell functions, including P4 

steroidogenesis and transport of steroid hormones to the systemic circulation (Christenson and 

Devoto, 2003; Duffy et al., 2018). Endothelial cells are sensitive to DOX treatment in general 

(Kotamraju et al., 2000b; Luu et al., 2021) and vascular toxicity of DOX contributes to the 

placental toxicity in ICR mice (Bar-Joseph et al., 2020). In the CLs from DOX-treated mice with 

low P4 levels, the vascular toxicity of DOX could be the main contributing factor for the lack of 

defined luteal cord structure. However, in the CLs from DOX-treated mice with normal P4 levels, 

there were defined luteal cords. These observations indicate that endothelial cells in the CLs are 

targeted by DOX treatment and that there is individual variation in sensitivity to DOX treatment, 

which is different from the consistent toxic effect of DOX on the granulosa cells in the developing 

follicles.   

The individual variation in the sensitivity to DOX treatment is also reflected in StAR 

expression, which was reduced in the luteal cells of mice with low P4 levels. DOX-induced 

suppression of StAR mRNA expression was observed in DOX-treated male rat testes and correlated 

with decreased plasma testosterone levels (Das et al., 2011; Ujah et al., 2021). Since StAR is the 
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rate-limiting enzyme for transporting the substrate cholesterol from the outer to the inner 

mitochondrial membrane for P4 steroidogenesis, the quantity of mitochondria in the cytoplasm 

could affect the overall StAR expression level in the luteal cells. DOX can accumulate in the 

mitochondria due to its specific binding to the abundant phospholipid cardiolipin located in the 

inner mitochondrial membrane. The accumulated DOX can disrupt the electron transport chain in 

the mitochondria to overproduce reactive oxygen species (ROS) (Davies and Doroshow, 1986; 

Sarvazyan, 1996; Yen et al., 1999). Although the quantity of mitochondria in the luteal cells, based 

on HSP60 expression levels, is not significantly affected by DOX treatment, DOX-induced 

overproduction of ROS in mitochondria could impair mitochondrial functions and inhibit StAR 

expression, which will reduce the substrate cholesterol from reaching the inner mitochondrial 

membrane, and therefore, disrupt the mitochondrial function in supporting the enzymatical 

conversion of cholesterol to pregnenolone (by P450SCC/CYP11A1) on the inner mitochondrial 

membrane. The molecular mechanisms in DOX-induced suppression of StAR expression, which 

correlates with DOX-induced P4 deficiency, remain to be elucidated.  

Lipid droplets store neutral lipids, including cholesteryl ester that is a main source of 

cholesterol for P4 steroidogenesis. They are surrounded by a phospholipid monolayer and coated 

with perilipins (PLIN1-5) (Singh and Cuervo, 2012). The CLs undergo development and 

maintenance for P4 synthesis to support early pregnancy. If pregnancy does not occur or P4 

production in CL is no longer needed during pregnancy, the CL undergoes luteal regression / 

luteolysis, which is hallmarked by lipid droplet accumulation (Strauss et al., 1977), which is also 

present in structurally regressing CLs from a previous cycle that coexist with current cycle CLs at 

maintenance stage (Lee-Thacker et al., 2018). DOX treatment leads to lipid droplet accumulation 

in the luteal cells on D3.5 when the CLs are normally at the maintenance stage. Since DOX could 
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disrupt actin cytoskeleton in the luteal cells and cytoskeleton plays an important role for directional 

lipid movement, e.g., to the mitochondria, the disrupted cytoskeleton inevitably halted directional 

lipid movement leading to lipid droplet accumulation. On the other hand, there was a dramatic 

reduction of StAR expression in the luteal cells from DOX-treated mice with low P4 levels, 

therefore, the utilization of lipid droplet-derived cholesterol for P4 synthesis is diminished, which 

may also lead to lipid droplet accumulation. The disrupted cytoskeleton in DOX-treated CLs may 

be caused by DOX-induced oxidative stress (Wei et al., 2015).  

In summary, we identify multiple effects of DOX treatment in the preimplantation CLs. 

Both endothelial cells and luteal cells are targeted. There are three types of effects from DOX 

treatment during early pregnancy: 1) effects are present in all DOX-treated CLs but not correlated 

with the key function of CLs in P4 steroidogenesis, such as lipid droplet accumulation and 

disrupted cytoskeleton; 2) effects varied greatly and are correlated with P4 levels, such as StAR 

expression in the luteal cells and impaired morphology of luteal cords, which are surrounded by 

endothelial cells; and 3) varied effects un-correlated with P4 levels, such as body weight change 

on D1.5. The molecular mechanisms for DOX-induced effects, e.g., reduced StAR expression, in 

the CL remain to be investigated. This study fills in the knowledge gap about toxic effects of 

chemotherapy on the CL and provides critical information for risk assessment of chemotherapy in 

female reproduction. 
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Figure Legends 

Figure 2.1. Body weigh changes and serum progesterone levels. A-C: mice in mixed 

background at 10.0 to 22.1 weeks old; D-F: mice in C57BL/6 pure background at 9.6 to 10.9 

weeks old. Black dots, PBS-treated vehicle control group (N=6 in both sets); red triangles, DOX-

treated group (N=7 in mixed background and N=5 in C57BL/6 background). A & D. Daily body 

weight changes of individual mice from treatment on 0.5 days post-coitum (D0.5) to dissection 

on D3.5. #, P=0.0262 (D1.5) in A and P=0.00774 (D1.5) in D. B & E. Serum progesterone levels 

of individual mice. Line, average of the group; #, P=0.097 in B and P=0.068 in E, two-tailed 

equal variance t-test. C & F. Lack of significant correlation between body weight changes on 

D1.5 and serum progesterone levels on D3.5. P=0.153 in C and P=0.390 in F.  

 

Figure 2.2. Images of oocytes and embryos from C57BL/6 oviduct and uterine horn. 

The number under each image indicating the total number of oocyte/embryo with similar 

appearance at the same location in the same group. A. PBS control group (N=6 mice). Oviduct: 

Ai, germinal vesicle (GV) oocyte; Aii, degenerated possible oocyte; Aiii, possible metaphase I 

(MI) or metaphase II (MII) oocyte. Uterus: Aiv, blastocyst. B. DOX-treated group (N=5 mice). 

Oviduct: Bi, degenerated possible oocyte; Bii, possible MII oocyte or zygote; Biii, zygote with 

two visible polar bodies (one fragmented); Biv, zygote with one visible polar body and two 

nuclei; Bv, 2-cell embryo. Uterus: Bvi, degenerated possible oocyte; Bvii, zygote with two polar 

bodies.   

 

Figure 2.3. Histology of D3.5 C57BL/6 ovaries. A. Numbers of corpora lutea in PBS 

and DOX-treated groups. N=5-6; error bar, standard deviation. B, B1, B2: PBS. C, C1, C2: 
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DOX-treated with low progesterone (P4) level. D, D1, D2: DOX-treated with normal P4 level. 

B1, C1, D1: corpus luteum enlarged from the smaller box in B, C, D, respectively; B2, C2, D2: 

follicles enlarged from the bigger box in B, C, D, respectively; scale bar: 200 µm (B-D), 25 µm 

(B1-D1), or 50 µm (B2-D2); #, corpus luteum; *, follicle; green arrow in C1 & D1, vacuolated 

luteal cells; black arrow in C1, C2, D2, degenerated cells. H & E staining. 

 

Figure 2.4. PCNA immunohistochemistry and Col IV immunofluorescence in D3.5 

C57BL/6 ovaries. A-C1, PCNA staining in fixed ovaries; D-F1, Col IV staining in frozen 

ovaries. A & D. PBS. B & E. DOX-treated with low progesterone (P4) level. C & F. DOX-

treated with normal P4 level. A1-F1: enlarged from the box in A-F, respectively; scale bar: 200 

µm (A-F), 25 µm (A1-F1); #, corpus luteum; *, follicle; green arrow in A1-C1, PCNA-positive 

endothelial cells. No specific staining in the negative control (data not shown). 

 

Figure 2.5. TUNEL staining of D3.5 C57BL/6 ovaries. A, A1, A2: PBS. B, B1, B2: 

DOX-treated with low progesterone (P4) level. C, C1, C2: DOX-treated with normal P4 level. 

A1, B1, C1: corpus luteum enlarged from the smaller box in A, B, C, respectively; A2, B2, C2: 

follicles enlarged from the bigger box in A, B, C, respectively; scale bar: 400 µm (A-C), 25 µm 

(A1-C1), or 100 µm (A2-C2); #, corpus luteum; *, follicle. D. Numbers of identifiable growing 

follicles in PBS and DOX-treated groups. E. Percentage of TUNEL-positive follicles in 

identifiable growing follicles in PBS and DOX-treated groups. D & E: N=5-6; *, P=0.00062; 

error bar, standard deviation. No specific staining in the negative control (data not shown). 
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Figure 2.6. Immunofluorescence detection of StAR and HSP60 in D3.5 C57BL/6 

ovaries. A-C1, StAR; D-F1, HSP60; A & D. PBS. B & E. DOX-treated with low progesterone 

(P4) level. C & F. DOX-treated with normal P4 level. A1, B1, C1: enlarged from the box in A, 

B, C, respectively; green: StAR staining. D1, E1, F1: enlarged from the box in D, E, F, 

respectively; green: HSP60 staining. #: corpus luteum; scale bar: 200 µm (A-F) or 25 µm (A1-

F1). No specific staining in the negative control (data not shown). 

 

Figure 2.7. Nile red staining of lipid droplets and Phalloidin staining of actin 

filaments (F-actin) in D3.5 C57BL/6 CLs. A-C1, Nile red staining; E-G1, Phalloidin staining; 

A & E. PBS. B & F. DOX-treated with low progesterone (P4) level. C & G. DOX-treated with 

normal P4 level. A1, B1, C1: enlarged from the CL marked with a red # in A, B, C, respectively; 

green: Nile red staining of lipid droplets; blue, DAPI staining of nuclei; #: corpus luteum; scale 

bar: 200 µm (A-C) or 12.5 µm (A1-C1). D. Size of lipid droplets (arbitrary units). The average 

size of lipid droplets in all representative areas of all CLs from the same mouse is considered as 

one data point. N=5-6; * P= 4.42E-05; error bar, standard deviation. E1, F1, G1: enlarged from 

the boxed area in E, F, G, respectively; green: Phalloidin staining of F-actin; blue, DAPI staining 

of nuclei; scale bar: 50 µm (E-G) or 12.5 µm (E1-G1). No specific staining in the negative 

control (data not shown). 
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CHAPTER 3 

CHEMOTHERAPEUTIC AGENT DOXORBUCIN ALTERS UTERINE GENE EXPRESSION 

IN RESPONSE TO ESTROGEN IN OVARIECTOMIZED CD-1 ADULT MICE1 
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Our finding that a single dose of doxorubicin relevant to human treatment level can change 
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Abstract 

Chemotherapy can potentially impair fertility in premenopausal cancer patients. Female fertility 

preservation has been mainly focused on the ovarian aspects and benefited greatly from assisted 

reproductive technologies, such as in vitro fertilization (IVF). The rate-limiting step for the success 

of IVF is embryo implantation in the uterus. Doxorubicin (DOX) is a widely used 

chemotherapeutic agent with ovarian toxicity. It remains unknown if the uterus is a direct target of 

DOX. To circumvent the indirect uterine effect from ovarian toxicity of DOX and to investigate 

potential long-term impact of DOX on the uterus, young adult ovariectomized CD-1 mice were 

given an intraperitoneal injection once with PBS or DOX (10 mg/kg, a human relevant 

chemotherapeutic dose), and 30 days later, each set of mice was randomly assigned into three 

groups and subcutaneously injected with oil, 17β-estradiol (E2, for 6 hours), and progesterone (P4, 

for 54 hours), respectively. Uterine transcriptomic profiles were determined using RNA-seq. 

Principal component analysis of the uterine transcriptomes revealed four clusters from the six 

treatment groups: PBS-oil & DOX-oil, PBS-P4 & DOX-P4, PBS-E2, and DOX-E2, indicating that 

DOX treatment did not affect the overall uterine transcriptomic profiles in the oil and P4-treated 

mice but altered uterine responses to E2 treatment. DAVID analysis indicated that the top affected 

gene cluster was “Glycoprotein”. These data demonstrate that DOX can directly target the uterus 

and has a long-term impact on uterine responses to E2.  
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Introduction 

Millions of females during childhood, adolescence, and young adulthood suffer from 

cancers. A unique side effect of concern from cancer treatments using chemotherapy and 

radiotherapy in these cancer patients is fertility impairment. Oncofertility thus becomes an 

emerging discipline (Anazodo et al., 2018). Because of the prominent gonadotoxicity of many 

oncologic treatments, the efforts on female fertility preservation have been mainly focused on 

cryopreservation of ovarian tissues, oocytes, and embryos (Harada and Osuga, 2018). Fertility 

preservation has benefited greatly from assisted reproductive technologies (ARTs), such as in vitro 

fertilization (IVF). The rate-limiting step for the success of IVF is embryo implantation in the 

uterus (Dekel et al., 2014), which is under the control of ovarian hormones estrogen and 

progesterone (Haibin Wang and Dey, 2006).  

Doxorubicin (DOX, Adriamycin) is a cytotoxic anthracycline antibiotic. It has been widely 

used as a chemotherapeutic agent since the 1960s to treat a variety of cancers, such as breast 

cancer, ovarian cancer, lymphomas, leukemia, etc. (Johnson-Arbor and Dubey, 2020). DOX can 

cause ovarian toxicity (Xiao, Zhang, et al., 2017; Nishi et al., 2018; Wang et al., 2018), including 

impaired ovarian hormone secretion (Xiao, Zhang, et al., 2017). Since uterine functions are under 

the control of ovarian hormones, it is expected that DOX-induced ovarian toxicity can indirectly 

affect uterine functions. It remains unknown if the uterus is a direct target of chemotherapeutic 

agents, such as DOX. Unlike the ovary/oocyte/embryo that can be removed from cancer patients 

for cryopreservation prior to cancer treatments, the uterus will remain with the patients (for non-

uterine cancers) as they undergo cancer treatments. Any adverse effects of chemotherapy on 

uterine functions, such as uterine receptivity for embryo implantation, remain a significant 

knowledge gap.  
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Material and methods 

To circumvent the ovarian toxicity of DOX, which will impair ovarian hormone production 

thus indirectly affect uterine functions, and to investigate potential long-term impact of DOX on 

the uterus, young adult ovariectomized CD-1 mice (8 weeks old, Envigo) were given an 

intraperitoneal injection once with PBS or DOX (10 mg/kg, equivalent to a human 

chemotherapeutic dose of ~600 mg/M2 (Xiao, Zhang, et al., 2017)). Thirty days later, each set of 

mice was randomly assigned into three groups and subcutaneously injected with oil, 17β-estradiol 

(E2, 4.5 µg/kg, one dose, dissected 6 hours later), or progesterone (P4, 60 mg/kg, three doses at 0, 

24, and 48 hours, and dissected 6 hours after the last injection (Diao, Xiao, Li, et al., 2013)), 

respectively, to mimic the changes of ovarian hormones prior to embryo implantation in mice 

(Haibin Wang and Dey, 2006). There were six groups of mice: PBS-oil, PBS-E2, PBS-P4, DOX-

oil, DOX-E2, and DOX-P4. The uterine tissues were dissected and processed for total RNA 

isolation and subsequent transcriptome profiling using RNA-seq technology.  

RNA-seq was performed using Illumina TruSeq (N=3/group). Each sample had over 97% 

alignment to the GRCm38 reference genome index using HISAT2. Transcripts were assembled 

and merged into a single comprehensive file using StringTie. The DESeq2 package in R was used 

for analysis of differential expression. 

Results 

Principal component analysis (PCA) indicated that 83% of the variability among the six 

groups were contributed by the first two principal components (PC1=66%, PC2=17%). The three 

groups treated with PBS (PBS-oil, PBS-E2, and PBS-P4) were well-separated, so were the three 

groups treated with DOX (DOX-oil, DOX-E2, and DOX-P4), indicating that E2 and P4 had 

distinctive effects on uterine transcriptomes (Fig. 3.1A). In addition, the six samples in both PBS-
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oil and DOX-oil groups did not separate as two distinctive clusters, and neither did the six samples 

in both PBS-P4 and DOX-P4 groups, indicating that DOX treatment did not significantly change 

the overall uterine transcriptomic profiles in the oil and P4-treated mice. However, the three 

samples in the PBS-E2 group did separate from the three samples in the DOX-E2 group. Based on 

PCA analysis, the PBS-E2 group fell in between PBS-oil/DOX-oil groups and DOX-E2 group 

(Fig. 3.1A), suggesting that DOX treatment enhanced uterine responses to E2 treatment.  

There were 292 differentially expressed transcripts out of the total 16,230 entries between 

PBS-E2 and DOX-E2 groups by using a criterion of log2 fold change ≥2 or ≤-2 and a false 

discovery rate corrected P value < 0.001. The heatmap of these differentially expressed transcripts 

using DESeq2 is shown in Fig. 1B. By using the same criterion, there were no differentially 

expressed transcripts between PBS-oil and DOX-oil groups or between PBS-P4 and DOX-P4 

groups.  

Functional annotation tool DAVID indicated 273 DAVID IDs from the 292 differentially 

expressed transcripts between PBS-E2 and DOX-E2 groups. Functional annotation clustering 

using UP_KEYWORDS from DAVID analysis indicated that the top affected gene cluster was 

“Glycoprotein” (104 genes, P=2.9E-17). Other top significantly enriched clusters included 

“Membrane” (136 genes, P=6.8E-5) and “Extracellular matrix” (12 genes, P=1.3E-4). 

Discussion 

These novel data demonstrate that DOX can directly target the uterus to alter the uterine 

responses to estrogen. Since balanced uterine estrogen signaling is critical for embryo implantation 

and the most affected genes are glycoproteins, many of which play important roles in uterine 

preparation for embryo implantation (Haibin Wang and Dey, 2006), it is possible that DOX could 

potentially affect uterine receptivity for embryo implantation (Aplin and Singh, 2008), which 
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needs to be investigated. DOX has a half-life of elimination <48 hours. The uterine responses 

detected in this study were 33 days after a single injection of a clinically relevant dose of DOX, 

indicating that DOX at 10 mg/kg has a long-term effect on the uterus. This observation raises the 

concern that young female cancer patients receiving chemotherapy during childhood, adolescence, 

or early adulthood may have their uterine functions affected. Since the uterus is so far the only 

place for a mammalian embryo to survive and grow to term, it is important to include the uterus 

for fertility preservation of premenopausal female cancer patients.    
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Figure Legends 

Figure 3.1. Analysis of RNA-seq data from ovariectomized CD-1 mouse uteri. E2, 17β-

estradiol, 6 hours of treatment; P4, progesterone, 54 hours of treatment; DOX, doxorubicin. A. 

Principal component analysis of the first two principle components. Overlapping between PBS-oil 

(blue dots) and DOX-oil (brown dots) groups, and between PBS-P4 (purple dots) and DOX-P4 

(grey dots) groups; separation between PBS-E2 (green dots) and DOX-E2 (red dots with two 

overlapping) groups. B. Heatmap of top differentially expressed genes between “PBS-E2” and 

“DOX-E2” groups. Log2 fold change: ≥2 or ≤-2; false discovery rate corrected P value < 0.001; 

legend color palette: log-fold changes. Data were analyzed using DESeq2.  
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CHAPTER 4 

CHANGES TO UTERINE RECEPTIVITY IN RESPONSE TO CHEMOTHERAPY 

TREATMENT DURING ADOLESCENCE1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1Andersen, C.L., Byun, H., Xiao, S., and Ye, X. 2021. To be submitted to Toxicological 

Sciences.  
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Abstract 

The number of childhood (from birth to adolescence) cancer survivors increases because 

of increased cancer incidence and decreased mortality rate from cancer therapy. A unique side 

effect of concern on these cancer survivors from cancer therapy (e.g., chemotherapy and 

radiotherapy) is fertility impairment. Some chemotherapeutics drugs have been shown to target 

ovarian follicles to impair female fertility. The gonadotoxic effect on female fertility can be 

circumvented by cryopreservation of ovarian tissues, oocytes, and/or embryos coupled with in 

vitro fertilization-embryo transfer (IVF-ET). The rate-limiting step for IVF-ET success is embryo 

implantation, in which the uterus transiently transforms into a receptive state for an embryo to 

implant. Uterine receptivity is under the control of ovarian hormones estrogen (E2) and 

progesterone (P4). We showed that a single, human-relevant dose of doxorubicin (10 mg/kg, single 

dose) in young adult ovariectomized CD-1 mice had a long-term effect on uterine transcriptome 

to E2 treatment (Andersen CL et al, 2018). Since some of the differentially expressed genes are 

associated with uterine receptivity, we hypothesize that chemotherapy could disrupt uterine 

receptivity for embryo implantation. To test this hypothesis, C57BL6J mice are ovariectomized on 

postnatal day (PND) 23 to remove the indirect effect of ovarian toxicity on the uterus, then treated 

with vehicle (negative control), doxorubicin (2 mg/kg, 5 daily doses), or doxorubicin (10 mg/kg, 

single dose, positive control starting on PND30. Decidualization is a uterine response to an 

implanting embryo and an indication of uterine receptivity. We use artificial decidualization to 

determine uterine receptivity as following: Beginning on PND56, mice are treated with ovarian 

hormones E2 and P4 to establish a receptivity uterus; one PND63, mice are given an intraluminal 

uterine oil (mimicking embryos) injection to induce artificial decidualization, which is detected 

using a blue dye reaction on PND64. Preliminary data show that the above chemotherapeutic 



 

83 

regimens have varied adverse effects on uterine receptivity. Uterine transcriptomes will be 

determined to uncover molecular mechanisms of chemotherapy on uterine receptivity. We are 

filling in the knowledge gap about long-term effects of chemotherapy during childhood on uterine 

receptivity in adulthood. 
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Introduction 

Cancer incidence among adolescents and young adults (AYA) has steadily risen, with a 

corresponding decrease in cancer deaths of these patients (Bleyer et al., 2017; Miller et al., 2020). 

It is estimated that about 100,000 children, adolescent and young adults will be diagnosed with 

cancer in 2021 and the incidence rates among female patients is outpacing that of their male 

counterparts (Henley et al., 2020). A particular concern for younger cancer patients is the 

prominent gonadotoxcity of cancer therapies, such as radiotherapy and chemotherapy (Levine, 

2012; Massarotti et al., 2019; Allen et al., 2020; Szymanska, Tan and Oktay, 2020). The field of 

oncofertility, first coined in 2006 by Dr. T. Woodruff, has quickly aimed to fill the gap in our 

understanding of methods to preserve fertility in young cancer patients (Levine, 2012; Tomao et 

al., 2016; Anazodo et al., 2018; Harada and Osuga, 2018; Moravek et al., 2019). The female 

reproductive tract relies on coordination between multiple organs to facilitate fertility, in which 

the ovaries, the Fallopian tubes (oviducts in mice), and the uterus are the physical sites for 

supporting pregnancy events. In premenopausal cancer patients, gonadotoxic trauma can lead to 

fertility impairment (Green, Sklar and Boice, 2009; Chow et al., 2016).  Specifically, special focus 

has been given to the mechanistic understanding of follicle loss associated with chemotherapy 

treatment, through mechanisms involving follicular atresia and overactivation, primordial follicle 

apoptosis, and reduced secretion of 17beta-estradiol from follicular cultures (Ben-Aharon et al., 

2010; Xiao, Zhang, et al., 2017; Wang et al., 2018; Y. Wang et al., 2019; Szymanska, Tan and 

Oktay, 2020). However, little attention has been given to assessing potential effects in disrupting 

uterine functions despite epidemiological data suggesting that the uterus could be a target of certain 

chemotherapy regiments (Griffiths, Winship and Hutt, 2020). The uterus plays a critical role in 

early pregnancy events, as it is the only site capable of supporting an embryo to term. After 
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ovulation the embryo will be fertilized and travel towards the uterus. Around D3.5, embryos enter 

the uterus, separate along the uterine horn, shed the zona pellucida, and during the evening will 

begin implanting into the uterine luminal epithelium (Yoshinaga, 2013). Events surrounding 

implantation are extensively reviewed by Ye, X., 2020 (Ye, 2020). Almost immediately after 

implantation the stromal layer begins to rapidly decidualize, as stromal cells differentiate to 

decidual cells and form the primary decidual zone. Increased vasculature from the mesometrial 

blood vessel will begin to invade towards the implantation site to support the embryo (Ramathal 

et al., 2010). While the uterus is critical to natural pregnancy, the uterus is also critical for fertility 

preservation methods, like in-vitro fertilization and embryo transfer (IVF-ET), as the embryo must 

be returned to the uterus for pregnancy to occur (Dekel et al., 2014). This has left a significant 

knowledge gap in our understanding of the effect’s chemotherapy can have on uterine function, 

like implantation and menstruation in women. Limited epidemiological data suggests that patients 

who were treated with chemotherapy and radiotherapy have increased incidence of preterm birth 

and low birth weight infants even when donor oocytes are used, suggesting that off-target effects 

in the uterus could alter functions related to pregnancy. Little data exists with a targeted, in-vivo 

analysis of long-term consequences from chemotherapy treatment during comparable AYA years 

in rodents (Griffiths, Winship and Hutt, 2020).  

Doxorubicin is a commonly-prescribed, broad-spectrum anthracycline chemotherapy. 

Doxorubicin (DOX, Adriamycin, a cytotoxic anthracycline antibiotic) is a commonly used 

chemotherapeutic agent in premenopausal cancer patients (Krischke et al., 2016; Iwamoto et al., 

2020). DOX is listed as a topoisomerase inhibitor, suggesting that it prevents the availability of 

uncoiled DNA for replication needed in malignant cancer cells, as well as interactions with 

topoisomerase that lead to DNA-cleavable complexes that promote cytotoxicity. However, 
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multiple mechanisms of action have become evident in years following initial studies. DOX has 

been shown to directly bind to nucleotides which prevent DNA/RNA polymerases further aiding 

in the primary mechanism of action. DOX can also bind to cell membrane lipids to play an 

important role in cell death (Thorn et al., 2011; FDA, 2013; Wei et al., 2015). DOX chemotherapy 

increases the risk for cardiovascular diseases, which could be partially contributed by oxidative 

stress-induced endothelial dysfunction in the conduit arteries, suggesting that DOX could disrupt 

important angiogenic events during early pregnancy (Clayton et al., 2020). Since off target effects 

of DOX exists, it is important to understand how those could present themselves in uterine health. 

Uterine stem cells/uterine lining thinning 

Understanding the potential for chemotherapeutic drugs to target the uterus requires careful 

experimental design. Uterine health and function rely on hormonal support from the ovaries. 

Follicles and the corpus luteum provide necessary progesterone and estradiol to support uterine 

gene regulation and important signaling events that aid in various uterine functions (H Wang and 

Dey, 2006; Diao et al., 2011, 2015; S. Zhang et al., 2013; Hewitt, Winuthayanon and Korach, 

2016; Soleilhavoup et al., 2016). Little in-vivo data on the ability for chemotherapeutic drugs to 

alter uterine mechanisms and functions exist (Nishi et al., 2018; Samare-Najaf, Zal and Safari, 

2020). However, both the studies left the ovaries intact during chemotherapy treatment, creating a 

confounding effect between known gonadotoxcity and downstream effects seen in the uterus. Any 

conclusion made on changes to molecular mechanisms regulating uterine function cannot be 

explicitly tied to chemotherapy treatment, furthering the knowledge gap in this field. Nishi et al. 

also had extensive differences in animal weight, an important factor in understanding the 

individual variations involved in absorption, deposition, metabolism and excretion of 

chemotherapeutic drugs, specifically DOX (Rodvold, Rushing and Tewksbury, 1988; Gurney, 
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2002). Using ovareictomized mice to control for confounding effects, we showed that a human 

relevant (10 mg/kg bw I.P.) dose of DOX changed the uterine response to estrogen 1 month after 

treatment (Andersen et al., 2019). While highlighted as the only in-vivo data to unequivocally 

show that DOX can target the uterus and alter mechanism associated with uterine function, this 

preliminary research did not include the uterine response to both estrogen and progesterone, a 

critical omission (Griffiths, Winship and Hutt, 2020). Preliminary RNAseq data using uterine 

tissues during D1.5 and D3.5 provided a dataset of important genes necessary for uterine 

preparation for embryo implantation. Combined with data previously published by our group, we 

generated a list of E2-responsive genes important for uterine preparation for implantation and 

differentially regulated by DOX. This provided molecular mechanisms behind potential DOX 

disruption of uterine receptivity. To investigate the hypothesis that DOX could disrupt uterine 

preparation for embryo implantation, we utilized artificial decidualization as a functional 

measurement of uterine receptivity. Artificial decidualization (AD) mimics the normal process of 

decidualization but allows us to remove the ovary and follicles which have been previously shown 

to be negatively affected by DOX (Andersen, C.L. et al. submitted BoR 2021). Because 

implantation and decidualization is associated with increased vascular permeability at sites of 

contact with uterine luminal epithelium, AD can be visualized using an injection of absorbable 

dye, Evan’s blue dye (Cha et al., 2018). Progesterone is needed for the full extent of estrogen 

action to occur in the uterus (Wetendorf and DeMayo, 2012). Proper estrogen and progesterone 

signaling is critical for implantation in both humans and mice, as well as key in proper regulation 

of the endometrium during estrous and menstrual cycles (Dey and Lim, 2006; Nowak, 2018). We 

hypothesize that DOX can disrupt uterine mechanisms associated with the functional uterine 

receptivity in C57Bl6 mice. In aim 1, we investigate the effect DOX has on uterine receptivity 
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using an artificial decidualization model to serve as a functional endpoint of a receptive uterus. In 

aim 2, we evaluate the uterine response to estrogen and progesterone to determine the molecular 

mechanisms associated with the uterus during the window of implantation.  

Materials and methods 

Animals. C57BL/6 female and male mice (6 weeks old) were purchased from the Jackson 

Laboratory (Ellsworth, Maine). They were acclimated to the Coverdell animal facility at the 

University of Georgia for 2 weeks with body weight monitored twice a week to ensure well 

acclimation to the new environment. At 8 weeks old, the acclimated females were mated with 

littermate males. Subsequent litters from these initial breeding pairs were used either as breeders 

or as experiment mice, no runts or alphas were used based on weaning body weight. Juvenile mice 

were weaned at PND 21 and allowed to acclimate for 2 days. The Coverdell animal facility is on 

a 12-hour light/dark cycle (6:00 AM to 6:00 PM) at 23 ± 1 °C with 30–50% relative humidity. All 

mice had free access to regular chow 5053 (Labdiet, St. Louis, MO, USA) and water. All methods 

used in this study were approved by the University of Georgia IACUC Committee (Institutional 

Animal Care and Use Committee) and conform to National Institutes of Health guidelines and 

public law.  

Dose selection: In humans, the recommended dosing of DOX follows a 21-28 day 40-60 

mg/m2 cycle and maximal 4 cycles based on patient information (age, body weight, disease status, 

etc.) and cancer type (Misset et al., 1999; FDA, 2013; Völler et al., 2017). In this study we used a 

single intraperitoneal (i.p.) injection of 10 mg/kg body weight of DOX in mice as a positive control 

(Xiao, Zhang, et al., 2017; Wang et al., 2018; Andersen et al., 2019; Y. Wang et al., 2019). We 

also used a multiple dose treatment cycle using 5 daily doses of DOX at 2 mg/kg to mimic multiple 

treatments seen in human dose regiments. Based on FDA animal-human dose conversions, 10 
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mg/kg in adult mice is equivalent to ~30 mg/m2 in adult humans, which is within the clinically 

used chemotherapy dose range (Nair and Jacob, 2016).  

Treatment timing: Increased detection of malignant cancers and greater access to 

chemotherapy has reduced the age which patients first undergo treatment. Our current goal was 

to examine chemotherapy exposure during pre-pubertal years and how those effects translate to 

the future reproductive health of patients during AYA and reproductive years (Figure 4.1).  

Ovariectomy: On assigned OVX timepoint, virgin mice are weighed and given 100 uL 

injection of 2 mg/kg Meloxicam (Covetrus, 6451602845) 15 min. prior to surgery. Briefly, mice 

are induced using vaporized isoflurane () at 3% isoflurane/oxygen and flow rate of 1 L/min and 

maintained at 1.75%. The surgical site is shaved and cleaned with 70% isopropyl alcohol. A 

single cut is made through the skin and muscle layer dorsally, about 1-2 cm from the spine on 

either side. A small cut is made in the peritoneal layer and the ovaries are immediately visible. 

The ovaries are removed and the peritoneal cavity is sealed using a single, simple interrupted 

suture. A wound clip is used to close the skin. A more detailed protocol is available in the 

supplementary section.  

DOX treatment: DOX (D-4000, LC Laboratories, Woburn, MA) was dissolved in DMSO 

to make a stock at 100 mg/ml, aliquoted, and kept at -20°C. A thawed aliquot was kept at 4°C 

and used within 3 days of thawing. On PND23 females were randomly assigned into three 

groups to receive a single i.p. injection of vehicle control (100 l of <2% DMSO in sterile 1x 

PBS, the % of DMSO was the same as that in DOX-treated group), DOX-10 (10 mg/kg, mouse 

body weight (kg) x 10 mg/kg (final dose) / 100 mg/ml (stock concentration) = ml of stock 

solution diluted into sterile 1x PBS in 100 ul), or DOX-2 (2 mg/kg/day over 5 days, mouse body 

weight (kg)). Number of animals in each group and aim can be found in Table 1. PBS and DOX-
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10 mice received 100 uL sterile 1x PBS injection from PND24-27 to mimic sustained treatment 

in DOX-2 group. Although it is unclear about the half-life of DOX in the mouse ovaries via i.p. 

injection, studies reported a half-life of DOX ranging from 11 hours to 45 hours in different 

mouse tissues upon a single i.p. injection of 11-12 mg/kg (Siemann and Sutherland, 1979; 

Johansen, 1981). Our treatment cycle will evaluate the toxicity of DOX on the uterus in response 

to a bolus dose or multiple lower doses.  

Hormonal dose: On PND 56-58, ovariectomized mice in all four groups in both Set A and 

Set B will undergo hormonal priming (s.c. injection): 100 ng E2 daily on PND56-58; no treatment 

on PND59-60; 10 ng E2 + 1 mg P4 daily on PND61-63 (Fig. X.1) as previously described (Diao, 

Xiao, Li, et al., 2013; Andersen et al., 2019).  

Artificial decidualization and Aim 1 dissection: On PND63, the hormonally primed mice 

will undergo oil infusion in the dorsal right side uterine lumen as we described previously (Diao 

et al., 2010, 2011; Diao, Xiao, Howerth, et al., 2013; Xiao, Li, et al., 2017). On PND64 ~11:00-

12:00 h (corresponding to D4.5 in natural pregnancy), the mice will be injected with blue dye to 

detect early decidualization and uterine images will be taken. Observations on the amount of fat 

pad are made. Each uterine horn will be cut into segments with blue bands (if there is any) 

distributed for histology (fixed in 10% formalin) and gene expression (flash-frozen in liquid N2 

and stored at -80oC). The % of mice with clear or faint blue bands, indicating on time or delayed 

uterine receptivity, respectively, will be recorded (Diao, Xiao, Howerth, et al., 2013; Xiao, Li, et 

al., 2017). Liver and spleen are flash-frozen in liquid N2 and stored at -80oC to serve as a control 

for chemotherapy treatment and determine individual response to chemotherapy treatment 

(Jadapalli et al., 2018).  
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Aim 2 dissection: On PND63, 6 hours after hormonal treatment, mice are euthanized. In 

mice, a surge of estrogen around 11:00 hrs on GD3.5 (GD0.5 is defined as the day a copulatory 

plug is found), with the window of implantation (WOI) beginning shortly (within 6 hrs) after 

(Hirota, 2016; Ye, 2020). We have timed our experimental timeline to collect tissue for 

understanding the mechanisms associated with the WOI and uterine receptivity. The uterine horns 

are removed, a small section is fixed in 10% formalin for histology and the rest is flash-frozen in 

liquid N2 and stored at -80oC for RNAseq. 

Serum hormone analysis: Serum was collected from the blood samples after clotting at 

room temperature for 45 minutes and stored at -80°C.  Serum P4 and E2 were measured in the 

Ligand Assay and Analysis Core of the Center for Research in Reproduction at the University of 

Virginia (Charlottesville, Virginia). 

Histology: Dark blue bands were excised from the oil injected uterine horn for fixation, 

while the uterine region closest to the oviduct was used for the non-injected uterine horn. Uteri 

were fixed at 27°C for 24 hrs then placed in 70% ethanol at 4C until dehydration. Uteri were 

dehydrated and embedded longitudinally. Paraffin sections (6 µm) were cut until the lumen was 

visible and H&E staining was performed as previously described (Diao et al., 2015).  

Alkaline Phosphatase activity assay: Alkaline phosphatase (AP) is exclusively upregulated 

in the primary and secondary decidual zone of implantation sites and a hallmark of decidualization 

(Herington et al., 2009; Lei et al., 2013; Fullerton et al., 2017). Frozen uteri sections containing 

blue-dye were split and sectioned (6 µm). Briefly, frozen sections were fixed in 4% PFA for 15 

minutes, then washed in 1X PBS for 2X5 minutes. Slides were then washed in 0.1 M Tris-HCL 

(pH 9.5) for 2X5 minutes. BCIP/NBT (Sigma Aldrich, 72091) assay working solution was 

prepared as recommend by manufacturer. Slides were incubated at 55C for 25 min with working 
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solution and routinely monitored for coloration. Samples from both the oil stimulated and non-

stimulated side (negative control) were used for reference. Sections were rinsed in 0.1 M 

Tris_HCL (pH 9.5) for 2X5 minutes and mounted with glycerol for imaging.  

Total RNA isolation for RNAseq and gene expression: Frozen uteri were homogenized in 

liquid N2 with mortar and pestle, then transferred to TRIzol Reagent (Ambion, 15596-026) and 

dissolved. Total RNA was extracted using RNA Purification Kit (Invitrogen, 12183555) according 

to manufacture’s protocol.  

RNAsequencing: Transcriptomic analysis was performed by the Georgia Genomics and 

Bioinformatics Core (Athens, GA). RNA integrity was assessed using Agilent Bioanalyzer. 

2x150bp paired-end read length is sequenced on NextSeq500 platform.  

RNAseq analysis: FASTQ files were downloaded from Illumina’s BaseSpace cloud storage 

service. Currently there are many methods for analyzing RNA-seq data. The pipeline created by 

Pertea et. al. was selected to analyze the uterine transcriptome. Raw reads first underwent a quality 

control step to analyze potential biases introduced within the sequencing step or library generation. 

Reads wear trimmed of the Illumina adapter sequences. HISAT2 was used for alignment to 

GRCm8 reference genome index. The murine reference assemblies were downloaded from the 

prebuilt indexes found at the Johns Hopkins University Center for Computational Biology. The 

indexes and FASTQ files were stored on the University of Georgia’s cluster computing network 

housed at the Georgia Advanced Computing Resource Center. Transcripts were assembled, again 

using the reference genome, and merged into a single, comprehensive file using StringTie. This 

merged reference was used to estimate abundances of transcripts on the original assemblies. Lastly, 

the Ballgown package in R was used to perform differential expression at both the gene and 

transcript level. The alignment and assembly were run as a single BASH script using the parallel-
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processing computer network of the Georgia Advanced Computing Resource Center, methods 

previously described (Andersen et al., 2019).  

Statistical analysis: Data are presented as dots or mean±SD where applicable. A linear 

mixed model fit by REML using Sattherthwaite’s method was used to analyze the percent weight 

change from PND23-64. The percent weight change data were analyzed in R (Version 4.0.2, 

package lmerTest 3.1-3). Chi-squared test was used to test the correlation between treatment group 

and blue dye accumulation.  

Results 

Effects of DOX treatment on body weight 

C57Bl6/J mice were all between 9.0-9.4 weeks of age at dissection. Mice were initially 

weighed at PND23 before ovariectomy, then weighed at PND30, 37, 44, and 64. DOX treatment 

significantly reduced percent body weight gain 1 week after treatment (week2) (Figure 4.2, A) 

compared to PBS control. Control mice had an average percent weight gain of 20.1 ± 9.1, while 

DOX-2 had an average percent weight gain of 9.97 ± 7.6 (p = .0217) and DOX-10 had even more 

reduction with -0.79 ± 12.4 (p < .0001). By week 3 and week 6 DOX treated mice had comparable 

percent weight gain as control. These effects are likely due to the immediate effect to weight loss 

observed 1-day post-treatment (Andersen, C.L. et al. 2021 submitted BoR). While mice quickly 

gain weight comparable to control 2 and 3 days after treatment, the effects to the fat pad could 

persist to keep raw weight significantly below control levels at PND37, 44, and 64 in the DOX-10 

group (Figure 4.2, B).  

Effects of DOX treatment on blue dye accumulation  

 During early pregnancy, around the mid-late morning of D3.5, a spike in E2 induces 

changes to the uterus to initiate the window of implantation (WOI). Fundamental changes include 
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increasing uterine blood flow and invasion of the arteries in the mesometrial fat pad (Maliqueo, 

Echiburú and Crisosto, 2016). Once implantation begins further invasion and formation of the 

early spiral artery occur. This increased vasculature can be observed by using an absorbable blue 

dye that will preferentially collect at sites of uterine stimulation during the WOI, where significant 

increased vascular permeability is present (Cha et al., 2018). Upon dissection, uterine images were 

collected to observe the blue dye reaction. All 8 PBS mice had significant blue dye reaction in the 

oil stimulated uterus, however, a subset of mice in the treatment groups did not have blue dye 

accumulation in the oil stimulated uterus (Figure 4.3 A and B). In the DOX-2 group, 56% of mice 

had blue dye accumulation in the oil stimulated uterus, while in the DOX-10 group had 50% 

(Figure 4.3 B). A trend towards the DOX-10 group being correlated with the absence of blue dye 

was found using a Pearson’s chi-squared test (p=.06). These observations indicated that DOX can 

have effect on the uterus to prevent decidualization as a marker for uterine receptivity. 

Primary decidual zone histology 

 After collection of uterine images, dark blue bands were excised from the uterus and fixed 

for histology. Multiple sections were collected to insure ample coverage of the site of increased 

vascular permeability signifying the decidual area. Some latitudinal sections were taken to insure 

ample coverage of uteri without blue dye accumulation (Data not shown). Key events during 

implantation and decidualization cause structural changes to the site of contact with the blastocyst 

or oil droplet (reviewed in Chapter 1). Briefly, the LE will dissolve to allow access to the 

underlying stromal region, the uterine lumine will close, edema will be present in the stromal area, 

and stromal cells will undergo differentiation to decidual cell, which is characterized by swelling 

of the cytoplasm. In the PBS group, histology from the oil injected horn shows typical 

characteristics of an implantation. Edema of the stromal region can be seen ( area of white in the 



 

95 

stromal region near myometrium, Figure 4.4 B1 and D1), as well as accumulation of decidual cells 

near the incased oil droplet (Figure 4.4 B3). Both are absent in the control uterine horn. Similar 

changes were observed in DOX treated animals, however a subset of animals had uteri similar to 

metestrus or diestrus (Figure 4.4 F1).  

Discussion 

 Doxorubicin (DOX) is a widely used chemotherapeutic agent. A major side effect of DOX 

is intestinal mucositis. We observed significant alterations to mouse body weight and percent body 

weight gain throughout the experimental timeline. Significant reduction in body weight was 

observed in the DOX-10 group till dissection, indicating that the single dose at PND30 contributed 

to lasting effects on body weight, but not percent body weight gain. During dissection DOX-10 

mice were noted as having a limited uterine fat pad compared to control animals (data not shown). 

The I.P. injection of DOX at 10 mg/kg could cause adipocyte apoptosis in the fat pad, which can 

lead to alterations to proper body weight gain (Faust, Johnson and Hirsch, 1976; Batatinha et al., 

2014). Of the 3 mice with the most drastic reduction to percent body weight gain and lowest 

PND64 bodyweight, 2 of them had the most intense blue dye reaction indicating that DOX weight 

effects did not correlate with uterine defects (data not shown).  

 Reductions in blue dye accumulation in the oil injected uterine horn of DOX treated mice 

could be due to disruptions to uterine vasculature that stims from the mesometrial fat pad. As 

previously stated, reductions in fat pad were observed in DOX treated animals. Fat pad 

observations were not a goal of the experimental procedure and were only noted after observations 

seen during dissection. No data exists on how depletions in the uterine fat pad could lead to 

disruptions to uterine health, but it was observed that the loss of the ovarian fat pad reduced ovarian 

hormonal steroids in circulation (Wang et al., 2017). Further investigations into loss of 
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uterine/ovarian fat pads and uterine health are needed. It has been observed that DOX causes 

disruptions to endothelial cells and microvasculature of other reproductive tissues (Andersen, C.L., 

et al. 2021 submitted BoR). 

 Observations of reduced blue dye accumulation in DOX treated uteri after oil stimulation, 

along with previously published data on the effects to uterine gene expression after DOX 

treatment, provide evidence that continued investigations of the molecular mechanisms behind 

DOX targeting of the uterus is needed. During our experiment, uterine tissue from mice treated 

with hormones similar to the artificial decidualization timeline without the intraluminal uterine oil 

injection were collected. These tissues will be used for transcriptomic analysis to investigate 

molecular mechanisms associated with DOX targeting of the uterus. Previous data found that DOX 

altered the uterine transcriptomic response to E2. However full E2 signaling in the uterus is only 

partial regulated by ERa, P4 is also necessary for maximal response to E2 (Wetendorf and 

DeMayo, 2012). Future plans to analyze the transcriptomic data are not within the scope of this 

dissertation but are needed to answer questions posed above. 

 Previous analysis of DOX effects on the female reproductive tract found significant 

alterations to molecular mechanisms associated with uterine health and function, however due to 

confounding effects of intact ovaries little insight can be gained on direct uterine effects (Nishi et 

al., 2018; Samare-Najaf, Zal and Safari, 2020). Significant reduction in uterine Era gene 

expression was seen, similar to previous results published by our group (Andersen et al., 2019; 

Samare-Najaf, Zal and Safari, 2020). However no functional outcomes were tested. We 

hypothesize that DOX treatment prior to OVX could provide protective effects to the uterus 

through ovarian steroid hormone actions. To test this aim, we will use the exact same experimental 

procedure but include a group that is treated with DOX at PND23 and ovariectomized the 
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following week, then test functional uterine receptivity through artificial decidualization and 

compare to the initial set of animal presented above. 

 In summary, we identify the uterus a target for DOX toxic action during the critical time 

of uterine receptivity. Molecular mechanisms associated with reduced blue dye accumulation in a 

subset of DOX treated mice are yet to be investigated, but data and tissues collected during this 

experiment aim to fill those holes. This study fills in the knowledge gap about toxic effects of 

chemotherapy on the uterus and provides critical information for risk assessment of chemotherapy 

in female reproduction. 

Conflicts of Interest (COI) 

The authors declare that there is no applicable COI.  

Data Availability Statement 

All the data are available upon request. 

Acknowledgements 

The authors thank the Office of the Vice President for Research, Interdisciplinary 

Toxicology Program, and Department of Physiology and Pharmacology at the University of 

Georgia, and the National Institutes of Health (NIH R03HD100652 and R03HD097384 to XY) 

for financial support. Serum P4 and E2 levels were determined at The University of Virginia 

Center for Research in Reproduction Ligand Assay and Analysis Core, which is supported by the 

Eunice Kennedy Shriver NICHD/NIH (NCTRI) Grant P50-HD28934. 

Figure Legend 

Figure 4.1. Experimental timeline. Descriptions of treatment groups and aims.  

Figure 4.2. Weight effects of Doxorubicin treatment. A) Percent weight change (per week) 

during the experimental protocol. Significant reductions in percent weight gain were observed at 
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week 2 (1 week post-treatment), however mice quickly recovered to comparable levels. B) Weight 

of mice during experimental protocol. Significant reductions in body weight were seen at PND37 

in both DOX-2x5 and DOX 10x1, while those reductions continued throughout the protocol in 

DOX 10x1. *p< 0.05; #p<.001.  

Figure 4.3. Effect of DOX on blue dye accumulation during artificial decidualization. A) 

Uterine images taken at dissection. All PBS mice showed blue dye accumulation in the oil injected 

uterine horn, while a subset of mice in both treatment groups did not show blue dye accumulation. 

B) Percent blue dye or no blue dye in each treatment group (PBS: 100% blue dye, 0% no blue dye; 

DOX-2x5: 56% blue dye, 44% no blue dye; DOX-10x1: 50% blue dye, 50% no blue dye). A chi-

square test found trending significance in the correlation of treatment group with blue dye 

accumulation (p=.06) 

Figure 4.4. Histological analysis of area of blue dye accumulation. A1, A2, A3: PBS un-

injected uterine horn (control). B1, B2, B3: PBS uterine horn that received oil injection. C1, C2, 

C3: DOX-2x5 un-injected uterine horn (control). D1, D2, D3: DOX-2x5 uterine horn that received 

oil injection. E1, E2, E3: DOX-10x1 un-injected uterine horn (control). E1, E2, E3: DOX-10x1 

uterine horn that received oil injection. Green arrow heads show areas of decidual cells (large, 

circular), black arrow head show area of LE dissolving. 
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CHAPTER 5 

Summary and future directions 

 The goal of the dissertation research presented was to fill knowledge gaps in our 

understanding of how chemotherapeutic drugs may target aspects of the female reproductive tract 

to influence fertility. Millions of prepubescent girls and reproductive aged women suffer from 

cancers. A unique side effect of concern from anti-cancer treatments, including chemotherapy and 

radiotherapy, in premenopausal cancer patients is fertility impairment. Oncofertility thus becomes 

an emerging discipline with the expressed goal to protect the future reproductive health of cancer 

patients. Prominent gonadotoxicity of chemotherapeutic drugs has focused the oncofertility field 

on effects in the ovary, primarily on the follicles. The follicle is the functional unit of the ovary 

and is home to the reserve of oocytes necessary for fertilization, but the ovary is a heterogenous 

organ. CL development and maintenance is critical for pregnancy establishment hypothesized that 

DOX affects corpus luteum function, through aberrations of luteal and endothelial cell functions, 

and effects ovarian hormone signaling in the uterus, disrupting mechanisms needed for uterine 

receptivity. The published research and draft manuscripts offer compelling evidence that 

chemotherapy can target both the CL and uterus, information previously unknown to the field of 

oncofertility.  

 Chapter 2 focused on the molecular mechanisms in the CL associated with P4 reductions 

observed during early pregnancy. Using a well-studied model and treatment post-ovulation, we 

targeted acute effects of DOX on CL development and function. We identify multiple effects of 

DOX treatment in the preimplantation CLs. Both endothelial cells and luteal cells are targeted. 
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There are three types of effects from DOX treatment during early pregnancy: 1) effects are present 

in all DOX-treated CLs but not correlated with the key function of CLs in P4 steroidogenesis, such 

as lipid droplet accumulation and disrupted cytoskeleton; 2) effects varied greatly and are 

correlated with P4 levels, such as StAR expression in the luteal cells and impaired morphology of 

luteal cords, which are surrounded by endothelial cells; and 3) varied effects un-correlated with 

P4 levels, such as body weight change on D1.5. While an inbred mouse (C57BL6/J) was used for 

these studies, significant individual variation in the timing of ovulation and thus CL formation 

could contribute to the varied effects observed. Future work should use a separate model, such as 

superovulation using immature mice to better sync ovulation timing to ensure effects seen are due 

to individual variation of DOX sensitivity and not due to differences in ovulation timing. The 

molecular mechanisms for DOX-induced effects, e.g., reduced StAR expression, in the CL remain 

to be investigated. While DOX may not directly disrupt mitochondria formation, reductions in the 

cristae (not observed here) could contribute to reduced StAR expression. Future work should 

examine aspects of luteal cord formation and regulation of the microvasculature in the CL, such 

as spatiotemporal expression of pericyte markers and vascular endothelial growth factor (VEGF) 

that are critical for vasculature establishment. There is extensive published work on DOX induced 

lipid droplet accumulation in various cell types and tissues, as well as reductions in genes important 

in lipid droplet metabolism (hormone sensitive lipase, HSL) (Mehdizadeh et al., 2017; Shyu  Jr et 

al., 2018; Mentoor et al., 2020). These mechanisms appear to be cell specific and further 

investigations into the effects in luteal cells, such as ROS generation, is warranted. Further, DOX 

has been shown to be toxic to follicles, follicles that do not undergo atresia or apoptosis from DOX 

treatment will eventually form a corpus luteum. Based on preliminary data presented here, it is 

important to understand how DOX effects on the follicle could alter CL development, maintenance 
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and function potentially disrupting cycles even after exposure. This would answer the question, 

how well do remaining follicles maintain luteinization competency years after exposure if the 

follicle is selected for ovulation? This study fills in the knowledge gap about toxic effects of 

chemotherapy on the CL and provides critical information for risk assessment of chemotherapy in 

female reproduction. 

 Chapters 3 and 4 focused on DOX targeting of important aspects to uterine function and 

health. Chapter 3 examined the long-term uterine response to ovarian hormones, critical to early 

pregnancy and fertility, after DOX treatment. The manuscript published from the work in Chapter 

3 was highlighted as being the only data available on in-vivo, targeted effects DOX can have on 

the uterus. A stated goal of this dissertation was to fill knowledge gaps in the field of oncofertility, 

therefore we made the data publicly available from this project in hopes it will be used to provide 

preliminary data on the potential for DOX to target the uterus. Our main finding was the DOX 

differential regulated the uterine transcriptomic environment in response to E2. There was 

significant downregulation of many E2-responsive genes, potentially through ERa actions. Recent 

research into DOX effects in the uterus found downregulation of ERa in response to DOX 

treatment, however the ovaries were left intact. ERa downregulation was observed in our data but 

not significantly, increased samples could shows significance (Samare-Najaf, Zal and Safari, 

2020). Pathway analysis revealed disruptions to gene networks related to secretion of proteins 

(critical to GE function in the uterus), glycoproteins (critical in uterine preparation for 

implantation), and the extracellular matrix (major network responsible for many aspects to early 

pregnancy). Using data on uterine preparation for uterine receptivity, we compared genes involved 

in DOX alterations to uterine response to E2, finding significant overlap between the genes. 

Dysregulation of gene networks important to uterine receptivity and early pregnancy, as well as 
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disruptions to estrogen signaling led us to hypothesize that DOX could disrupt functional uterine 

receptivity. We addressed this hypothesis in Chapter 4. Utilizing artificial decidualization as a 

marker for uterine receptivity, we treated mice during adolescence and tested functional responses 

at maturity. This experimental timeline recapitulated the increasingly common scenario of children 

and adolescents undergoing cancer therapy to provide more applicable results for risk assessment 

(Group, 2020). Significant weight effects observed in DOX treated animals suggested that DOX 

through i.p, causes disruption to long-term weight homeostasis in rodents. Future methods should 

investigate easier techniques for intra-veinous administration in mice as current methods are time-

consuming and require restraint of animals outside of simple scruffing. Due to constraints of the 

COVID-19 pandemic many of the procedures in this study had to be done by myself without 

assistance, making I.P. injections a requirement for ease, by offering a single-handed technique. 

DOX injection in the intraperitoneal cavity could cause apoptosis of adipocytes in the utero fat pad 

leading to disruptions to weight post-treatment. However, the lower multiple doses of DOX (2 

mg/kg/day, across 5 days) did prevent many of the long-term weight effects and suggests multiple 

lower doses could be less toxic. Regardless of weight effects, the goal should be to mimic the 

dosing route of exposure in humans, so further confirmatory experiments should strive to include 

the I.V. dosing route through the tail vein. Our experiment showed that DOX treatment (DOX-2x5 

and DOX-10) reduced blue dye accumulation in the uterus during artificial decidualization. This 

suggests potential disruptions to vascular invasion of the uterus during uterine preparation for 

uterine receptivity, as well as potential disruptions to events involved in implantation. Histology 

revealed the absence of decidual zones in a subset of DOX treated animals, further evidence that 

decidualization never occurred. Clearly individual sensitivity to DOX targeting of the uterus, 

similar to effects observed in the CL, play a role in mediating uterine preparation for uterine 
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receptivity. Molecular mechanisms associated with the reduced artificial decidualization are yet to 

be investigated, however tissues collected in these experiments will aid in understanding DOX 

disruptions. In conjunction with the artificial decidualization aims of Chapter 4, we also collected 

tissues to be used for RNAseq. Significant individual variations in the uterine response to estrogen 

were observed in Chapter 3, since an outbred strain (CD1) was used, we decided to reduce genetic 

variation in the RNAseq analysis that an inbred strain would be more useful (C57BL6/J). Due to 

unforeseen circumstances, including the repercussions of the novel coronavirus pandemic, we 

were unable to submit these tissues in a timely manner. However plans to continue this research 

have been made and we hope to provide more publicly available data on the targeted effects DOX 

can have on uterine functions. Furthermore, we plan to include other chemotherapeutic drugs, such 

as cyclophosphamide and cisplatin, to better understand the effects of chemotherapeutic induced 

disruptions to uterine function.  

 In summary, the research submitted in this dissertation fills gaps in our knowledge of the 

effects of DOX on female fertility. We published novel research on disruptions to P4 synthesis in 

the CL, showing varying individual sensitivities and disruptions to molecular mechanisms control 

CL function. We were the first to publish unequivocal evidence of DOX targeting of the uterus in 

mice, highlighted as a significant contribution to the field of oncofertility. Finally, we continued 

to investigate disruptions to uterine functions by providing preliminary evidence that DOX 

disrupts uterine preparation for receptivity using artificial decidualization as a model. We continue 

to investigate the effects of chemotherapies on female fertility and provide advancements to better 

aid in risk assessment for premenopausal cancer patients.  
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Abstract 

Zearalenone (ZEA) is produced by Fusarium species and a common contaminant in food. ZEA and 

its metabolites α- and β-zearalenol, α- and β-zearalanol, and zearalanone are mycoestrogens that can 

interfere with estrogen signaling. Epidemiological studies correlated mycoestrogens with precocious 

puberty in girls. Animal studies established causal roles of mycoestrogens in accelerating female pubertal 

onset. High levels of mycoestrogens reduced female fertility in farm animals and rodents, in which adverse 

effects of mycoestrogens on major events in female reproduction, including ovarian folliculogenesis, 

ovulation, ovarian steroidogenesis, fertilization, preimplantation embryo development and transport, 

embryo implantation, placentation, parturition, and lactation, have been reported in different experimental 

settings.     

(Key words: Zearalenone (ZEA), mycoestrogens, puberty, female reproduction) 

 

Introduction 

Mycotoxins are toxic substances produced by fungi and ubiquitously found in the environment. 

Major mycotoxins include aflatoxins, citrinin, ergot alkaloids, fumonisins, ochratoxin, patulin, 

trichothecenes, and zearalenone (ZEA), etc. [1] Among them, ZEA and its derivatives are also called 

mycoestrogens due to their estrogenicity. [2-4] Other mycotoxins may have endocrine disrupting effects, but 

are not specifically estrogenic. [5, 6]  

ZEA is produced by several Fusarium species. [7] It is commonly found in livestock feed and human 

food, such as corn, rice, oats and wheat. One study indicated quantifiable ZEA contamination in 15% of 

food samples in Europe. [8] ZEA contamination levels in food are usually in the range of ppb and low ppm, 

with the highest reported reaching 600 ppm. [7-10] Contaminated food is the primary source of mycoestrogen 

exposure for mammals. ZEA is quickly absorbed and the unconjugated ZEA has an elimination half-life of 

16.8 hours after oral administration in male rats. [8] ZEA is mainly metabolized in the liver to α- and β-

zearalenol, which can be further metabolized to form α-zearalanol (zeranol), β-zearalanol (teranol), and 

zearalanone. [7, 11-14] Because of their structural similarity with 17β-estradiol (E2) and their interactions with 
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estrogen receptors, [2-4] ZEA and its metabolites have estrogenicity with α-zearalenol being the most potent 

one. [11, 15, 16]  

Female reproduction follows pubertal development, which prepares the ovaries, the female 

reproductive track, and the mammary glands for sexual maturation and reproductive capabilities. [17] Female 

reproduction involves multiple integral processes, including ovarian folliculogenesis, ovulation, ovarian 

steroidogenesis, fertilization, preimplantation embryo development and transport, embryo implantation, 

placentation, parturition, and lactation. Female reproduction is regulated by hormones and estrogen is an 

essential one. Estrogen mainly acts through estrogen receptors, ERα, ERβ, and potentially G protein 

coupled ER (GPER/GPR30). [18, 19] Estrogen receptor(s)-modified animal models have revealed the 

essential in vivo roles of estrogen signaling in all the above events except placentation, parturition, and 

lactation due to defective early pregnancy and defective mammary gland development that prevent the 

study of these later events in the animal models. [18, 20-23]  

Mycoestrogens pose risks on female reproduction because of their ubiquitous presence in the 

environment and their estrogenicity in interfering with endogenous estrogen signaling. They have been 

linked to reduced female fertility in farm animals and rodents. [24-30] Here, we review the in vivo effects of 

mycoestrogens on the main events in female reproduction.  

 

Pubertal development 

Puberty is a multistage process with dramatic changes in physical appearance and hormonal levels 

to obtain sexual maturation and reproductive capabilities. Although the precise mechanisms behind pubertal 

initiation remain largely unknown, the hypothalamic–pituitary–gonadal (HPG)-axis and ERα are essential 

for pubertal development. [31-34] Pubertal period represents an important stage of development with extreme 

sensitivity to exogenous estrogens, which can potentially regulate neuronal HPG-axis via positive or 

negative feedback to influence pubertal development. [31, 32, 35, 36]  

Epidemiological studies have correlated mycoestrogens with precocious puberty in girls (onset of 

secondary sex characteristics by 8 years old). An early epidemiological study suggested a correlation 



 

133 

between α-zearalanol exposure and a rise of precocious puberty in Puerto Rican girls, although the 

evaluation criteria for precocious puberty were questioned. [37, 38] Elevated urinary and serum ZEA levels 

were found in Turkish girls and Chinese girls with precocious puberty, respectively. [39, 40] A study in Italy 

found high levels of ZEA and α-zearalenol in ~20% of girls with precocious puberty. [41]  

Animal studies have established a cause-effect relationship between mycoestrogens and pubertal 

development. In rodents, vaginal opening is an early sign of puberty that can be affected by endocrine 

disruptors. [26, 27] We found that postweaning exposure to 10 ppm~40 ppm ZEA diet (1.25-5 mg/kg/day) 

accelerated vaginal opening in mice and multigenerational exposure to 20 ppm ZEA diet did not have an 

accumulative effect on accelerating vaginal opening. [26, 27] Accelerated vaginal opening by ZEA treatment 

(10 mg/kg/day, gavage, from postnatal day (PND) 18 for 10 days; or 5 mg/kg/day, gavage, from PND15 

for 5 days) was also seen in rats. [42, 43] Although prepubertal (~PND15 in rodents) represent a critical 

window when the HPG axis begins to function, neonatal exposure to ZEA (2 mg/kg/day, subcutaneous 

(s.c.) injection, PND1-5) still accelerated vaginal opening in mice. [44] Over-stimulation of the kisspeptin-

GPR54-GnRH signaling pathway within the HPG-axis has been implicated in ZEA-induced acceleration 

of pubertal development in rodents. [42-44]  

Results from the animal studies support mycoestrogens, especially ZEA, to be a cause for early 

puberty onset, which may agree with the correlation of mycoestrogens and precocious puberty in girls from 

epidemiological studies. However, the levels of mycoestrogens that affect puberty onset in animal models 

are high and are irrelevant to the exposure levels of general population. On the other hand, humans are 

exposed to various endocrine disruptors, the precocious puberty in girls could be the net result of genetic 

factors and exposure to multiple endocrine disruptors.   

 

Ovarian folliculogenesis, ovulation, corpus luteum steroidogenesis 

Ovarian functions in folliculogenesis, ovulation, and corpus luteum formation and steroidogenesis 

not only prepare female germ cells for pregnancy but also produce ovarian hormones to support early 

embryo development and to prepare the uterus for embryo implantation. ZEA can cause ovarian follicle 
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atresia in sexually immature gilts. [45] Mice exposed to 40 ppm ZEA during premating (3-8 weeks old) did 

not affect the number of oocytes and embryos detected in D1.5 oviducts, [27] suggesting that ovarian 

folliculogenesis and ovulation were not affected under the experimental setting that impaired later events. 

However, another study showed that prenatal (D15-D19) ZEA treatment (10 mg/kg/day s.c. injection on 

dams) led to anovulation detected at 4-16 weeks old in mice. [46] The discrepancy in the effects of ZEA on 

ovulation could be contributed by the differences in animal strains, doses, exposure routes, and exposure 

windows. 

The corpus luteum is a temporary endocrine gland developed in an ovulated follicle. It is the main 

site for progesterone production to support early pregnancy in all mammalian species. [47] ZEA has been 

implicated in disrupting corpus luteum formation and/or steroidogenesis. Exposure to ZEA diets (60 ppm, 

90 ppm) from postmating D2 to D15 caused fetal loss and progesterone deficiency in gilts detected during 

2-6 weeks postmating. [25] ZEA treatment (8 mg/kg/day, s.c.) from D0.5-D4.5 caused significant reduction 

of plasma progesterone in mice. [28] Reduced number of corpora lutea upon multigenerational treatment 

with 10 mg/kg/day ZEA diet was demonstrated in F1 and F2 rats, [29] indicating impaired ovarian 

folliculogenesis, ovulation, and/or corpus luteum formation.   

 

Fertilization 

In vivo fertilization occurs in the oviduct where the newly ovulated oocyte meets sperm. Our study 

in mice revealed reduced fertilization upon premating exposure to 40 ppm ZEA diet. [27] Successful in vivo 

fertilization requires timely presence of functional oocytes and sperm as well as an optimal oviductal 

environment. In vitro studies have showed adverse effects of mycoestrogens on sperm motility and 

acrosome reaction; [48] and on the response of oviductal epithelial cells to sperm. [49] However, our in vivo 

study showed no adverse effect on male fertility upon 40 ppm ZEA dietary exposure (a dose that severely 

impaired female fertility) for 3 weeks. [27] Considering the essential role of estrogen signaling for sperm 

migration in the female reproductive tract, [22] and the impaired embryo transport in the oviduct of mice 

treated with ZEA, [27] ZEA may disrupt timely migration of sperm to oviduct, without affecting the function 
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of sperm per se, to impair fertilization. Any adverse effect of ZEA on in vivo oocyte quality leading to 

impaired fertilization cannot be excluded. 

 

Preimplantation embryo development and embryo transport 

We demonstrated it in mice that exposure to 40 ppm ZEA diet had adverse effects on 

preimplantation embryo development. [27] Premating ZEA exposure (3-8 weeks old) reduced fertilization 

rate. Interestingly, all the embryos from the vehicle control mice were in 2-cell stage, while the majority of 

embryos recovered from 40 ppm ZEA-treated mice were in 4-8-cell stage on D1.5. This seemingly 

accelerated early embryo development was most likely caused by the prolonged estrus stage thus earlier 

mating activity, shortly after setting up for mating between 1100 h and 1700 h in the ZEA-treated mice 

instead of ~midnight in the control. [27] Postmating exposure (D0.5-D3.5) to 40 ppm ZEA diet did not affect 

fertilization but delayed embryo development detected on D3.5. [27] Dietary ZEA (1 mg/kg body weight) 

exposure of sows from D7 to D10 caused blastocyst degeneration. [50] We found that postmating ZEA 

treatment also delayed embryo transport from oviduct to uterus and the embryos retained in the D3.5 

oviduct were more delayed in development than those already transported to the uterus. [27] The effect of 

ZEA on delaying/blocking embryo transport from oviduct to uterus was also observed in mice treated with 

ZEA (2-8 mg/kg/day, s.c.) from D0.5-D4.5. [28]   

It is unknown whether delayed embryo development caused delayed embryo transport or vice 

versa, or ZEA affected both events independently. [27] The correlation between delayed embryo 

development and delayed embryo transport in postmating ZEA exposure may reflect the varied sensitivity 

of individual mice to ZEA treatment, e.g., both embryo transport and embryo development are more 

affected in mice that are potentially more sensitive to ZEA exposure. Since estrogen can influence the 

expression of oviductal glycoprotein(s) that could interact with the gametes and early embryos, [51, 52] it is 

possible that the estrogenic property of ZEA may affect preimplantation development via altered oviductal 

environment. Lack of oviductal epithelial ERα leads to elevated protease activity and lysis of early embryos 

in the oviduct. [22] It remains to be investigated if enhanced estrogen signaling by estrogenic chemicals like 
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ZEA would disrupt protease balance in the oviduct to affect early embryo development. ZEA can impair 

corpus luteum thus reduce progesterone production. [28, 29] Progesterone deficiency not only could delay 

preimplantation embryo development [53] but also could further tilt the unbalanced ratio of estrogen / 

progesterone signaling towards even stronger estrogen signaling, resulting in defective embryo transport 

from oviduct to uterus in mice. Although progesterone levels were not measured in our study, the assumed 

reduced progesterone levels and known enhanced estrogen signaling upon ZEA treatment could explain the 

correlation between delayed embryo development and retention of embryos in the oviduct. [27] ZEA 

increased cell proliferation in the oviduct of immature gilts. [45] The molecular mechanism of mycoestrogens 

on oviductal transport is largely unknown.  

 

Embryo implantation 

Embryo implantation is the critical initial step for establishing physical fetal-maternal interactions. 

It requires synchronized readiness of a competent embryo and a receptive uterus, as well as their mutual 

signal communications. Any disruption in the preimplantation events (e.g., fertilization, embryo 

development and transport) will result in impaired embryo implantation. Uterine receptivity is controlled 

by ovarian hormones estrogen and progesterone. Imbalanced estrogen and progesterone signaling can lead 

to delayed establishment of uterine receptivity [54, 55] or a non-receptive uterus [56] to impair embryo 

implantation. 

ZEA at high doses (e.g., 20-40 ppm in diet, 8 mg/kg/day s.c. injection) can disrupt embryo 

implantation in mice. [26-28] Postweaning mice fed with 40 ppm ZEA diet had disrupted embryo implantation 

and a distended uterus with disrupted expression of the progesterone receptor, [27] representing enhanced 

estrogen signaling that could also be aggravated by the potential progesterone deficiency. [28] 

Multigenerational exposure to 20 ppm ZEA diet did not affect embryo implantation in F0 females but 

reduced implantation rates and delayed embryo implantation in those F1 and F2 females with implantation 

sites, [26] indicating an accumulative effect upon ZEA exposure. In both studies, no obvious adverse effect 

on embryo implantation was observed in mice treated with ≤4 ppm ZEA diets, [26, 27] indicating a threshold 
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exposure level for ZEA to affect embryo implantation; and we noticed that cessation of exposure to 20 ppm 

or 40 ppm ZEA diets could lead to restoration of embryo implantation in most cases. [26, 27]  

Decidualization occurs in the stromal cells at the implantation site a few hours after embryo 

attachment [57] to prepare the uterus for embryo invasion into the endometrium. Decidualization detected 

on D7.5 was impaired in mice treated with ZEA (8 mg/kg/day ZEA, s.c., D0.5~D4.5), which could be due 

to the reduced progesterone level. [28] Distended uterus on D4.5 [27] and impaired decidualization on D7.5 

[28] demonstrate that ZEA at high doses has direct effects on the uterus to disrupt embryo implantation, most 

likely due to enhanced estrogen signaling resulted from the estrogenicity of ZEA and reduced progesterone 

signaling. Enhanced estrogen signaling is also supported by the observation that ZEA increased cell 

proliferation in the uterus of immature gilts. [45]  

 

Placental development and function 

The placenta is a transient organ serving as the sole bridge between the mother and the fetus in 

eutherians, thus a functional placenta is essential for fetal development and maternal health. A placenta has 

three major layers: the outer maternal layer that includes decidual cells and maternal vasculature; the middle 

“junctional” zone that attaches the fetal placenta to the uterus and contains trophoblast cells invading the 

uterine wall and maternal vessels; and the inner labyrinth layer with highly branched villi for efficient 

nutrient exchange and fetal waste disposal. [58] The placenta is an important organ for toxicological 

evaluations but is seriously understudied. To address this issue, the National Institute of Environmental 

Health Sciences in USA recently put out a Funding Opportunity, ‘Environmental influences on Placental 

Origins of Development (ePOD)’. 

Several studies have alluded to the placenta as a target of mycoestrogens. Bioactivation of ZEA in 

placental cells [59] could make the placenta more sensitive to mycoestrogen insult. Upon exposure to 2.76 

ppm ZEA diet from D35 to D70 of pregnancy, ZEA level in the D70 placenta of sow was 130 fold and 20 

fold higher than that in the D70 plasma and fetal liver, respectively, suggesting accumulation of ZEA in the 

placenta. This study also found reduced placenta weights at D70 and farrowing as well as reduced live fetus 
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weight at D70 and live piglet weight at birth, [60] implying impaired placental function that was not furthered 

investigated. Multigenerational studies indicated increased post-implantational death in F1 and F2 mice [26] 

and rats, [29] which could be contributed by delayed embryo implantation, [55, 61] compromised placental 

functions, and/or direct adverse effect on the fetus as mycoestrogens can pass through placenta to fetus. [62, 

63] Rats exposed to ZEA diet (20 ppm, D0.5 to D20.5) had viable newborns with reduced birth weight and 

placentas with reduced Esr1 (ERα) mRNA levels. [64] Mice treated with zeranol (10 and 100 mg/kg/day, 

gavage, D13.5~D16.5) had D17.5 placentas with dysregulation of genes involved in cell cycle and 

apoptosis, but any related cellular effects were not reported. [65] Overall, well-designed experiments to 

address the effects and mechanisms of mycoestrogens on placental development and function are still 

lacking.  

 

Parturition 

 Parturition is the last step of pregnancy in which the uterus transits from quiescence to contraction 

to propel the fetus. The timing of parturition is critical for the health of the mother and newborn. Research 

from past decades has provided critical insights into parturition, but the molecular mechanisms involved in 

the initiation of parturition remain largely unknown. [66, 67] Limited studies have referred to potential effects 

of mycoestrogens on parturition. We noticed delayed parturition in the F1 and F2 mice treated with 20 ppm 

ZEA diet in the multigenerational setting, which was most likely caused by delayed embryo implantation 

thus prolonged gestation period. [26] Pregnant gilts (89 +/- 2 days gestation) fed an experimental diet with 

5.08 ppm deoxynivalenol, 0.09 ppm ZEA and 21.6 ppm fusaric acid had a prolonged parturition process. 

[68] Because of the low concentration of ZEA compared to the other chemicals in the diet, the contribution 

of ZEA on the parturition is questionable. When pregnant ICR mice were given zeranol (100 mg/kg/day, 

gavage, D13.5-D16.5), there was an increased percentage of mice with preterm birth, which was not 

observed in mice treated with 1 or 10 mg/kg/day. [65] Our studies [26, 27] suggested that a dose of 100 

mg/kg/day zeranol in mice would be equivalent to ~800 ppm zeranol in the diet, which would exceed the 
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reported highest concentration of its parent compound ZEA in a contaminated diet (600 ppm). [7] Therefore, 

effects of mycoestrogens at environmental relevant exposure levels on parturition remain to be investigated.  

 

Mammary gland development and lactation 

Mammary gland development is characterized by branching morphogenesis to form a ductal tree 

filling the fat pad. [69-71] During pregnancy, the mammary gland undergoes tremendous side-branching and 

alveologenesis to prepare for lactation. [69] These processes are regulated by estrogen signaling [71-74] and 

can be targeted by mycoestrogens. Limited studies have shown effects of mycoestrogens on mammary 

gland development and lactation. Prenatal (D15-D19) ZEA treatment (10 mg/kg/day, s.c.) led to 

anovulation and growth retardation of mammary glands in most mice but those ZEA-treated mice with 

corpora lutea showed increased alveolar differentiation at 4 weeks old. [46] Prenatal (D9-delivery) and 

neonatal (PND1-5) ZEA exposure (20 ug/kg/day~5 mg/kg/day, s.c.) of rats led to increased mean terminal 

end buds at PND30 and increased mammary gland epithelial cell proliferation at PND180.[75] Sows exposed 

to 2.76 ppm ZEA diet from D35 to D70 had decreased levels of total solids, protein, fat, and lactose in the 

colostrum and milk. [60] The cellular, molecular, and functional effects of mycoestrogens on the mammary 

gland remain to be investigated.  

 

Endometrial and breast cancer 

Because of their estrogenicity, mycoestrogens potentially have tumor-promoting activity in 

estrogen-dependent tissues, such as endometrium and mammary gland. Although a cause-effect 

relationship has not been established in vivo, ZEA and α-zearalenol were frequently detected in human 

endometrial cancer tissues but undetectable in normal human endometrial tissues, [76, 77] and there was a 

correlation between increased urine α-zearalenol level and increased risk of breast cancer. [78]      

 

Conclusion and future directions 
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 Mycoestrogens at levels found in highly contaminated food have been demonstrated to affect 

mammalian female pubertal development and reproduction. Future directions shall fill in knowledge gaps, 

such as systematic time-course and dose-response in vivo effects of mycoestrogens on main reproduction 

events (e.g., placental development); effects of real life exposure to mixtures of mycoestrogens with other 

mycotoxins on mammalian reproduction; as well as endocrine, cellular and molecular mechanisms 

involved.    
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Abstract 

Zearalenone (ZEA) is a common food contaminant (ppb~ppm) derived from Fusarium fungi. With 

its estrogenicity and potential chronic exposure, ZEA poses a risk to pregnancy. Our previous 

studies implied post-implantational lethality by ZEA. Since a functional placenta is essential for 

fetal development and survival, it was hypothesized that ZEA may have adverse effects on 

placental development leading to post-implantational lethality. Exposure of young mice to 0, 0.8, 

4, 10, and 40 ppm ZEA diets from gestation day 5.5 (D5.5) to D13.5 led to increased resorption of 

implantation sites, increased placental hemorrhage, decreased placental and fetal weights, 

proportionally reduced placental layers, and disorganized placental labyrinth vascular spaces in 

the 40 ppm ZEA group, as well as lipid accumulation in the labyrinth layer of all four ZEA 

treatment groups examined on D13.5. These data demonstrate adverse effects of ZEA on placental 

development. 

Introduction 

Zearalenone (ZEA) is a major mycotoxin derived from Fusarium fungi and a common food 

contaminant in the levels of parts per billion (ppb) ~ parts per million (ppm), with 600 ppm being 

the highest reported in contaminated food [1-4]. Contaminated food is the primary source of ZEA 

exposure for mammals. ZEA is quickly absorbed and mainly metabolized in the liver to form α- 

and β-zearalenol, from which α-zearalanol (zeranol), β-zearalanol (teranol), and zearalanone can 

be derived [1, 5-8]. Unconjugated ZEA has an elimination half-life of 16.8 hours after oral 

administration in male rats [4]. Because of their structural similarity with 17β-estradiol (E2) and 

their interactions with estrogen receptors (ERα, ERβ) [9-11], ZEA and its metabolites are also 

called mycoestrogens, and among them, α-zearalenol is the most potent [5, 12, 13]. Estrogen 

receptor(s)-modified animal models have revealed the essential in vivo roles of estrogen signaling 
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in pregnancy [14-18]. The estrogenicity of ZEA gives it the potential to interfere with mammalian 

pregnancy. Indeed, studies have shown that ZEA and its metabolites can disrupt pregnancy in 

different species (e.g., pig and mouse) by affecting different pregnancy events, such as 

preimplantation embryo development and transport, embryo implantation, and potentially 

placental development (reviewed in [19]).  

The placenta is a transient organ bridging the mother and fetus during eutherian pregnancy. It is 

an important organ for toxicological evaluations but is seriously understudied. This situation is 

also implicated in studying the effect of ZEA on placental development. Several studies have 

alluded to the placenta as a target of ZEA: for example, ZEA can be bioactivated in placental cells 

[20]; ZEA and its metabolites can pass through placentas [21, 22]; ZEA (2.76 ppm diet from D35 

to D70 of pregnancy) can be accumulated in pig placentas and reduce placental and fetal weights 

[23], which may indicate impaired placental function that was not further investigated in the study; 

ZEA (20 ppm diet, from D0.5 to D20.5 of pregnancy) causes reduced birth weight of rats and 

reduced Esr1 (ERα) mRNA levels in the placentas but its effects on placental weight and placental 

morphology were not reported in the study [24]; rats exposed to 8 mg/kg body weight ZEA via 

gavage on D6–D19 had increased resorption of implantation sites and decreased fetal viability 

examined on D20, but the placentas were not examined in the study [25]. Since the placenta is the 

sole source of nutrients for supporting fetal development, the fetal toxicity from ZEA treatment 

could be a secondary effect of placental toxicity.  

To determine the effect of ZEA on placental development, we use mouse as a model that shares 

the same hemochorial structure as humans. Mice have a definitive chorioallantoic placenta that 

develops from the extraembryonic lineages originated from the trophoblasts in gestation day 3.5 

(D3.5) blastocysts. Embryo implantation in mice initiates ~D4.0 and trophoblasts penetrate 
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through uterine luminal epithelium into the uterine stromal layer by D5.0 for the subsequent 

establishment of a placenta [26]. The mural trophectoderm cells (not in contact with the inner cell 

mass) become trophoblast giant cells. The polar trophectoderm cells (adjacent to the inner cell 

mass) form the extraembryonic ectoderm and ectoplacental cone that will give rise to the 

spongiotrophoblast  layer and labyrinth layer of the placenta. Structurally, a mouse placenta has 

three major layers: the outer maternal layer that includes decidual cells and maternal vasculature; 

the middle “junctional” zone that includes spongiotrophoblast layer and parietal trophoblast giant 

cell  layer; and the inner labyrinth layer [27]. The labyrinth is the closest to the fetus for nutrient 

and gas exchanges between maternal and fetal blood as well as for disposal of waste from the fetus 

[28]. The mouse labyrinth consists of two separate, highly branched, and tortuously intertwined 

vascular networks, the maternal blood spaces and the fetal capillaries. They are separated by an 

interhemal membrane that consists of three layers of trophoblasts, which includes a layer of 

mononuclear sinusoidal trophoblast giant cells  lining the maternal blood spaces and two layers of 

multiple nuclear syncytiotrophoblasts, as well as a layer of fetal blood vessel endothelial cells 

lining the fetal capillaries [28]. The flexuous network of maternal and fetal vessels in the labyrinth 

starts to develop following chorioallantoic attachment that occurs ~D8.5 [29], is established 

~D10.5, and subsequently undergoes extensive modifications to accommodate fetal growth. The 

three major layers in the mouse placenta can be clearly defined by D12.5 [30].  

Our previous study demonstrated that ZEA diet at 40 ppm blocked embryo implantation in mice 

[31]. To avoid the adverse effect of ZEA on embryo implantation [31] and to cover the main 

placental development period [27], in this study, we treated the mice during post-implantation 

period from D5.5 to D13.5 to determine the effect of ZEA on placental development. Indeed, ZEA 

at environmental relevant levels can adversely affect placental development.  
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Materials and methods 

2.1. Animals  

Wild type mice with C57BL/6 and129 mixed background, which were derived from Atp6v0d2+/- 

mice in C57BL/6 and129 mixed background [32, 33], were used in this study. Prior to treatment, 

all the mice were fed with regular chow 5053 (Labdiet, St. Louis, MO, USA) and housed in 

polypropylene cages with free access to food and water from water sip tubes in a reverse osmosis 

system. The Coverdell animal facility at the University of Georgia is on a 12-hour light/dark cycle 

(6:00 AM to 6:00 PM) at 23±1°C with 30-50% relative humidity. All methods used in this study 

were approved by the University of Georgia IACUC Committee (Institutional Animal Care and 

Use Committee) and conform to National Institutes of Health guidelines and public law.  

2.2. Dose selection, treatment, and tissue collection  

ZEA doses of 0 ppm (control), 0.8 ppm, 4 ppm, 10 ppm, and 40 ppm in the diets were used in our 

previous postweaning, premating, postmating, and/or multigenerational studies in mice [31, 34]. 

These ZEA levels have been reported in the contaminated food [1-4], which must also have 

contamination of other mycotoxins, including other mycoestrogens. The homemade ZEA diets 

were prepared by mixing ZEA (Cayman chemical, Ann Arbor, Michigan, USA) in casein-based 

phytoestrogen-free AIN-93G diet (Bio-Serv, Frenchtown, NJ) as we previously described [31, 34]. 

Our previous studies established 0.8 ppm, 4 ppm, 10 ppm, and 40 ppm ZEA diets to corresponding 

ZEA doses of about 0.1, 0.5, 1.25, and 5 mg/kg body weight per day, respectively, in mice [31, 

34]. 

Female mice at 2-3 months old were mated with stud males (3-4 females with one male in a cage) 

and checked for a vaginal plug the next morning. The day of vaginal plug presence was designated 
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as gestation day 0.5 (D0.5). The plugged mice were randomly assigned into 5 groups (N=6-9 

pregnant mice/group, no littermates in the same treatment group). The weights of the females in 

different groups were comparable at the beginning of treatment on D5.5. The treatments started on 

D5.5 and ended on D13.5 when the mice were dissected. Food and water consumptions in each 

cage were monitored. Since the mice were plugged on different days and treated with different 

ZEA diets, to reduce the housing cost, up to 5 mice on different gestation days in the same 

treatment group could be housed in the same cage during treatment. Therefore, food and water 

consumptions were rough estimations without considering gestation days. Body weights were 

recorded to determine pregnancy status as we reported previously [35].  

On D13.5, the pregnant females were sacrificed by cervical dislocation. The numbers of total 

implantation sites, absorbed implantation site(s), placentas with live fetus, and weights of placentas 

and fetuses were recorded. One representative placenta from each mouse was fixed in Bouin’s 

solution and the rest of the placentas were snapped frozen in liquid N2 and kept at -80oC. The 

average weight of placentas with a live fetus from each dam was counted as one data point, so as 

the average weight of all live fetuses from each dam. The body weight gain per implantation site 

for each dam was calculated as the weight difference between D13.5 and D5.5 divided by the total 

number of implantation sites in each dam on D13.5. The implantation site resorption rate was 

counted as the percentage of resorbed implantation sites, which were smaller, could be darker, and 

without a live fetus compared to the unabsorbed ones, in each pregnant D13.5 mouse. The resorbed 

implantation sites were classified into two groups in the 40 ppm ZEA group: type I resorption with 

the implantation site completely dark; and type II resorption with a small and partially pinkish 

implantation site.    

2.3. Histology and quantification of placental layers 
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After fixation in Bouin’s solution for 48 hrs, the placentas were dehydrated in 50%, 70%, 80%, 

90% 100% (twice) alcohol for 1 hr each, and subsequently, cleared in xylene for 5-10 min until 

the tissue becomes transparent, and incubated in paraffin overnight before embedding. The 

processed placentas were then embedded in the orientation for cross sections. Every 10th cross 

placental sections in the largest middle part were collected. Haemotoxylin and Eosin staining 

(H&E) staining was done as previously described [35, 36]. The middle three sections with the 

largest areas were selected for area quantification. The total area of each placental section and the 

areas of labyrinth layer, junctional zone, and decidua, which were outlined manually and 

quantified using Image J (National Institutes of Health, Bethesda, MD, USA) [35-38]. The average 

of each area from three sections in the same placenta was counted as one data point for statistical 

analysis. A total of 5-6 placentas from different mice in each group were processed for layer 

quantification.  

2.4. Proliferating cell nuclear antigen (PCNA) immunofluorescence and quantification of PCNA 

positive cells in the labyrinth layer   

Cross sections (10 µm) of the middle part of frozen placentas from 0 ppm and 40 ppm ZEA-treated 

groups were collected on the same slides for immunofluorescence. The sections were fixed in 4% 

paraformaldehyde for 15 min, and blocked with 3% hydrogen peroxide in methanol for 10 min at 

25°C, and 10% goat serum in 1x phosphate buffered saline (PBS) for 1 hour at 25°C, incubated 

with rabbit anti-proliferating cell nuclear antigen (PCNA (D3H8P)1:250, 13110XP, Cell Signaling 

Technology, Danvers, MA, USA) overnight  [35, 38, 39]. On the second day, the slides were 

incubated with goat anti-rabbit secondary antibody (Alexa Fluor 288, 1:200, A-11034, 

ThermoFisher, Rockford, IL, USA). The sections were counterstained with DAPI. Quantification 

of PCNA positive cells was done as following: At least 4 representative images at 40x in the 
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labyrinth layer of each placental section were taken for PCNA staining (green) and DAPI (blue). 

They were adjusted to the same exposure level on the background. The number of nuclei for each 

image was counted by ImageJ. The number of PCNA-positive cells in each image was counted 

manually by three people (two of them were blind to the identity of each image) or by ImageJ with 

the same criteria for all the images. The ratio of PCNA-positive cells in each image = the average 

counts of PCNA-positive cells (manually or ImageJ) / the number of nuclei (by DAPI staining). 

The average ratio of all images for the same section represented one mouse (N=6 mice/group). 

2.5. Cytokeratin 19 immunohistochemistry & laminin immunofluorescence  

Placental sections were prepared and processed as described in 2.4. For Cytokeratin 19 

immunohistochemistry, the slides were incubated with rat anti-Cytokeratin 19 (CK19, 1:200, 

TROM-III, DSHB, Iowa city, Iowa, USA) at 4°C overnight. On the second day, the slides were 

incubated with biotinylated goat anti-rat IgG Antibody (1:200, BA-9400, Vector laboratories, 

Burlingame, CA, USA) for 1 hour at RT, and the signals were developed by DAB substrate kit 

(SK-4100, Vector lab, Burlingame, CA, USA). The nuclear were counter stained by Hematoxylin 

Solution, Harris Modified (HHS32-1L, Sigma-Aldrich, St. Louis, MO, USA). For laminin 

immunofluorescence, the slides were incubated with rat anti-Laminin (1:200, Lam-B, DSHB, Iowa 

city, Iowa, USA) at 4°C overnight. On the second day, the slides were incubated with goat anti-rat 

Alexa Fluor 594 (1:200, A11007, Fisher Scientific, Pittsburgh, PA, USA) at RT for 1 hour and 

mounted with VECTASHIELD Antifade Mounting Medium with DAPI (H-1200, Vector 

laboratories, Burlingame, CA, USA). 

2.6. Oil red O staining and quantification  

Oil Red O (O0625, Sigma-Aldrich) is a lysochrome diazo dye that stains neutral lipids including 

triglycerides on frozen sections. Cross sections (10 µm) of the middle part of frozen placentas from 
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different treatment groups were placed on the same slides, air dry for 10 min. The slides were fixed 

in 4% PFA for 15 min, washed in 1xPBS for 10 min, and stained with Oil red O working solution, 

which was freshly prepared as described [40], for 10 min. The slides were then rinsed in ddH2O 

(30 s), 60% isopropyl (30 s), and ddH2O (30s). One set of slides with all sections was 

counterstained with Hematoxylin (HHS16-550ML, Sigma Aldrich, St. Louis, MO, USA), washed 

in tap water for 10 min, and mounted with glycerol (BP229-1, Fisher Scientific, Pittsburgh, PA, 

USA). Another set of slides with serial sections were mounted with glycerol without further 

counterstaining for quantification of Oil red O staining using Image J [35-38]. Briefly, three 0.0359 

mm2 representative areas in the labyrinth layer of each section were selected. After converting the 

pictures into 8 bit images, a threshold of 0-174, 55-255, 45-255 was cut off to calculate the density 

of staining which is the percentage of positively labeled area in the whole pictures.  The average 

of the density of three areas in one section was used to represent one sample. N=4 mice/group. 

2.7. Statistical analyses  

Two-tailed Fisher’s exact test was used for comparing “% mice w/ placental hemorrhage”. Two-

tailed unequal variance student’s t-test was used to compare other variables between two groups. 

The significance level was set at P<0.05. 

 

Results 

3.1. Implantation site on D13.5 

Exposure to 0.8 ppm to 40 ppm ZEA diets from D5.5 to D13.5 did not have an obvious effect on 

food consumption and water consumption of mice (data not shown) as we previously reported [31, 

34]. All the mice appeared healthy, indicating no general toxicity caused by the treatment 

regimens. Since exposure to ZEA diets started on D5.5 after embryo implantation initiation (~D4.0 
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in mice [26]), ZEA treatments were not expected to affect embryo implantation. Exposure to 40 

ppm ZEA diet from D5.5 affected several post-implantation parameters detected on D13.5. Body 

weight gain: The absolute body weight gain (data not shown) or the body weight gain per 

implantation site  during the treatment were comparable among 0 ppm, 0.8 ppm, 4 ppm, and 10 

ppm ZEA groups, but were significantly reduced in the 40 ppm ZEA group compared to the other 

four groups (Fig. B1A, B1C). Resorption of embryo implantation site: Although there were mice 

with resorbed implantation sites in each group and the individual resorption rate, which was the 

percentage of resorbed implantation sites in each mouse, varied among individual mice, all 9 mice 

in the 40 ppm ZEA group had resorbed implantation sites and one of them had all implantation 

sites reabsorbed. The average resorption rate in the 40 ppm ZEA group (54%) was significantly 

higher than those in the rest of the four groups (<15%), which did not have significant difference 

among them (Fig. B1B, B1C). The resorbed implantation sites had different appearances in the 40 

ppm ZEA group compared to control and other ZEA-treated groups. All the resorbed implantation 

sites in the control and the majority of those in the 0.8 ppm, 4 ppm, and 10 ppm ZEA groups were 

small and with part of the implantation site dark and the other part still pinkish (Fig. B1D upper 

middle panel), and without detectable fetal tissue (data not shown). While in the 40 ppm ZEA 

group, all 9 mice had resorbed implantation site(s) that was (were) small and completely dark (type 

I), and without any recognizable structure; and 3 of them also had resorbed implantation site(s) 

that was (were) small but still partially pinkish (type II) (Table B1 and Fig. B1D lower middle 

panel), and the degenerating placental and fetal tissues could still be identifiable (data not shown). 

Type II resorption most likely occurred later than type I resorption. The decreased weight gain in 

the 40 ppm ZEA group (Fig. B1A) most likely reflected the increased resorption of implantation 
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sites (Fig. B1B, B1C). These data demonstrate the toxicity of 40 ppm ZEA diet on the post-

implantation pregnancy in mice. 

3.2. Placental weight and fetus weight on D13.5 

Accompanying with the increased resorption of implantation sites (Fig. B1B, B1C), ZEA also 

affected the placenta. Placental hemorrhage: All the 8 mice with unabsorbed implantation site(s) 

in the 40 ppm ZEA group had placental hemorrhage (100%), which appeared as a dark patch(s), 

most located within the rim of the placental disk (Fig. B1D), while only one in six mice (16.7%) 

had obvious placental hemorrhage in the 10 ppm ZEA group and none was observed in the other 

three groups (Fig. B1C).  Placental weight and fetus weight: Significantly reduced weights of 

placentas and fetuses were observed in the 40 ppm ZEA group compared to the rest 4 groups, 

which were comparable among them (Fig. B1E, B1F). These data demonstrate the toxicity of 40 

ppm ZEA diet on placental development in mice.  

3.3. Histology of placenta  

Quantification of three placental layers, labyrinth, junctional zone, and decidua (Fig. B2A), 

indicated comparable areas for all these three parameters in the 0 ppm, 0.8 ppm, 4 ppm, and 10 

ppm ZEA groups, while those three areas were significant reduced in the 40 ppm group compared 

to all the other four groups (Fig. B2B). Correspondingly, the same pattern was seen in the total 

placental area (Fig. B2C). These data were consistent with the reduced placental weight only seen 

in the 40 ppm ZEA group (Fig. B1E). They also indicated that all placental layers were 

proportionally reduced in the 40 ppm ZEA group, suggesting overall suppressed placental 

development in this group.  

Histology revealed morphological changes in the ZEA-treated placentas. In the decidual layer, 

focal necrosis in the superficial decidual cells was observed in multiple placentas of each ZEA-
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treated group without an obvious dose-response relationship, while none was observed in the five 

control placentas (data not shown). The junctional zone did not show obvious structural 

abnormalities in the ZEA-treated groups. The labyrinth layer had the most abnormalities among 

the three main placental layers upon ZEA treatment. Focal necrosis in the labyrinth layer was 

observed in 1/5 placenta of 4 ppm ZEA group (data not shown) and 3/7 placentas of the 40 ppm 

ZEA group (Fig. B3B-B3B2), but none in the control (Fig. B3A-B3A2), 0.8 ppm and 10 ppm ZEA 

groups that were examined (data not shown). The following abnormalities of vascular spaces were 

observed in the 40 ppm ZEA-treated group. Dilated lacunae with accumulation of red blood cells: 

Although normally there were nucleated fetal blood cells in the fetal capillaries and enucleated 

maternal blood cells in the maternal blood spaces of the labyrinth layer, dilated lacunae with 

abnormal accumulation of red blood cells were observed in the labyrinth layer of 100% of the 

placentas in the 40 ppm ZEA group (Fig. B3C-B3C2 and data not shown). These observations 

were consistent with the placental hemorrhage (Fig. B1C, B1D). Such abnormal accumulation of 

blood cells in the labyrinth layer was also occasionally observed in the 0.8 ppm, 4 ppm, and 10 

ppm ZEA groups (data not shown). Reduced vascular spaces: Accompanying with the dilated 

blood spaces, there were areas in the labyrinth layer of 40 ppm ZEA group with reduced blood 

spaces (Fig. B3C1, B3C2). The histology data revealed disrupted vascular spaces in the labyrinth 

layer of placentas in the 40 ppm ZEA group (Fig. B3B-B3C2).  

3.4. Immunostaining of cytokeratin 19 (CK19) and laminin in placental labyrinth layer  

CK19 labels the sinusoidal trophoblast giant cells  that line the maternal blood space in the 

labyrinth [28]. Immunohistochemistry of CK19 showed relatively uniform distribution of maternal 

blood spaces in the control labyrinth (Fig. 4A), but enlarged or unexpanded maternal blood 

sinusoids in the 40 ppm ZEA-treated labyrinth associated with thickened intrahemal membrane 
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(Fig. B4B, B4C). Laminin is a marker of basal laminin surrounding the fetal capillary  in the 

labyrinth [41]. Immunofluorescence revealed laminin staining as stretches of lines, which are 

supposed to be lining the fetal capillaries, in the control labyrinth (Fig. B4D). In the 40 ppm ZEA 

group, there were enlarged areas outlined by discontinuous laminin staining (Fig. B4E), most 

likely indicative of the dilated areas in the labyrinth layer; there were small patches of laminin 

staining (Fig. B4F), which did not appear to have adjacent lines of laminin staining to form fetal 

blood space and might be areas with unexpanded fetal capillaries; there were also lines with 

laminin staining that appeared to be fragmented in the labyrinth layer of 40 ppm ZEA-treated 

placenta (Fig. B3E). Fig. 3 and Fig. 4 consistently demonstrated disrupted labyrinth structure in 

the 40 ppm ZEA group.  

3.5. PCNA staining of D13.5 placentas  

PCNA is involved in DNA synthesis. Many trophoblast cells undergo endoreplication without 

going through mitosis, resulting in large nuclei. In our study, we found PCNA that was highly 

expressed in many cells in the placenta. PCNA staining was mainly detected in the labyrinth layer 

and appeared less in the junctional zone (data not shown). Although disrupted labyrinth structure 

was found in the 40 ppm ZEA group (Figs. B3, B4), the percentage of PCNA positive cells in the 

40 ppm ZEA-treated labyrinth was not significantly different from that of the control, both by 

manual counting and by ImageJ automatic counting (data not shown). These data indicate that 

DNA replication in the labyrinth layer was not affected by 40 ppm ZEA treatment.  

3.6. Oil red O staining of D13.5 placentas  

Fetal growth depends on the supply of nutrients from the placenta. One important class of nutrients 

is lipid. To obtain a general picture of lipid supply in the placenta, we used a widely used method, 

Oil red O staining, which reveals neutral lipid droplets in the cell. In the D13.5 placentas, the Oil 
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red O staining was mainly detected in the labyrinth layer, detectable in trophoblast giant cells and 

spongiotrophoblast cells in the junctional zones, and to a lesser extent, in some stromal cells in the 

decidual layer (Fig. B5A, B5B). Since nutrient transfer to the fetus occurs in the labyrinth layer, 

we quantified Oil red O staining areas in the labyrinth layer using ImageJ. All four ZEA-treated 

groups had increased Oil red O staining compared to the vehicle control 0 ppm ZEA group (Fig. 

B5). These data indicate that there was no lack of lipid in the labyrinth layer to support the fetus 

in the ZEA-treated groups.  

 

Discussion 

The dose-response relationship between ZEA diets and placental weight is not linear (Fig. B1). It 

seems that there is a dose threshold between 10 ppm and 40 ppm ZEA to affect placental weight. 

Such threshold may reflect placental adaptation. Our previous multigenerational study showed that 

exposure to 20 ppm ZEA diet in F0 females from weaning to the end of pregnancy did not 

adversely affect their pregnancy rate, litter size, or offspring body weight measured at one week 

old [34], suggesting that 20 ppm ZEA diet did not compromise placental function in supporting 

fetal development and survival in the F0 females. There could be potential cellular and molecular 

changes in the 20 ppm ZEA-treated placentas of F0 females that were not investigated in the study. 

However, life time exposure to 20 ppm ZEA diet in F1 and F2 females impaired early pregnancy 

event(s) leading to reduced pregnancy rates [34]. Interestingly, the fertile F1 and F2 females treated 

with 20 ppm ZEA diet had comparable numbers of implantation sites to controls on D4.5 but 

significantly reduced litter sizes at birth, indicating increased post-implantational lethality [34], 

which could result from defective placentas and/or fetuses that were not further examined. These 

observations imply that the placenta has certain capacity to handle up to 20 ppm ZEA diet in the 
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F0 mice. However, 40 ppm ZEA diet impairs multiple pregnancy events in F0 mice, such as 

fertilization, embryo transport and preimplantation embryo development, and embryo 

implantation [31], as well as placental development and fetal development demonstrated in this 

study. These adverse effects of 40 ppm ZEA diet prevent further study on F1 and F2 females. 

There are three potential possibilities for the reduced weight of both the placentas and the fetuses 

in the 40 ppm ZEA group. 1. Since ZEA and its metabolites can pass through the placenta to reach 

the fetus [21, 22], ZEA may have a direct adverse effect on the fetus to reduce fetal development 

and the reduced placental weight is an indirect effect to adapt to the slow fetal development; 2) 

Since ZEA can be bioactivated in placental cells [20] and accumulated in placentas [23], the 

placenta can be a direct target of ZEA and the reduced fetal weight is the consequence of comprised 

placental function in transferring adequate nutrients for fetal growth; and 3) ZEA directly targets 

both the placenta and the fetus to cause their reduced weights. Although the available information 

cannot exclude any of these three possibilities, our data support that the placenta is a direct target 

for ZEA. In the event of fetal death, the placenta continues to function for days in rodents [42, 43] 

or weeks in primates [44, 45]. For example, fetectomy on D13.5 in mice does not affect placental 

weight, placental area, or labyrinth volume, but significantly decreases the volume of fetoplacental 

capillaries on D17.5 [42]. ZEA treatment started on D5.5 in our study that covered the entire period 

of placental formation, from the initial choriovitelline pattern to the subsequent chorioallantoic 

pattern [30]. In mice, chorioallantoic attachment occurs ~D8.5 [27] that marks the initiation of 

transition to chorioallantoic placentation. Most of the absorbed implantation sites in the 40 ppm 

ZEA group were small and completely dark, which were most likely indicative of early resorption. 

Since ZEA treatment started on D5.5, the increased presence of such small and dark resorbed 

implantation sites in the 40 ppm ZEA group could be a result from disrupted decidualization, 
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and/or early nutritional disruption of the visceral yolk sac and its interaction with the 

antimesometrium during implantation chamber remodeling, or possibly from ZEA toxicity on the 

embryo. Because the treatment started on D5.5 and decidualization starts by D4.5 in mice [26], it 

is expected that the embryos were alive beyond D5.5 when ZEA treatment started. If ZEA only 

targeted the embryo/fetus, the placenta is expected to continue developing for certain period of 

time. And for the fetuses that were alive on D13.5, it is expected that the associated placentas 

would be normal if the fetus is the only target. However, we observed placentas with disrupted 

labyrinth layer, especially in the 40 ppm ZEA group. These observations support the placenta 

being a target of ZEA.    

A recent study highlights the association of placentation defects with embryonic lethality in 103 

mutant mouse models [46]. It finds that almost every line that died before embryonic/gestation day 

14.5 (E14.5/D14.5) exhibited placental abnormalities, while only 35% of lines that were viable 

beyond E14.5/D14.5 had placental abnormalities and these lines were associated with a younger 

developmental stage (delayed fetal development). Although placental defects and embryonic 

lethality are linked [46], they can be differentiated [47].  

Since ZEA treatment (especially at 40 ppm) disrupted the structure of labyrinth layer, it is expected 

that the maternal-fetal material exchange is impaired. Consequently, it will affect fetal survival 

and growth. Indeed, the fetuses in the 40 ppm ZEA group had significantly reduced weight. ZEA 

treatment increases oil red staining in the labyrinth layer of all the ZEA treatment groups from 0.8 

ppm to 40 ppm ZEA (Fig. B5), indicating that ZEA has an effect in the placenta at levels as low 

as 0.8 ppm. The effect of ZEA on fetal survival and growth was only manifested in the 40 ppm 

ZEA group would suggest that the placenta has certain capacity to accommodate the insult from 

ZEA in order to protect the developing fetus.  
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The accumulation of lipid in the ZEA-treated labyrinth layer indicates that there is no lack of lipid 

in the labyrinth layer. It is possible that the disrupted labyrinth structure in 40 ppm ZEA group 

would impede the transfer of lipid to fetus leading to lipid accumulation and compromised fetal 

growth. However, in the lower doses, the morphological changes in the labyrinth layer were not 

severe or not obvious (e.g., 0.8 ppm ZEA group) and the fetal survival and growth were not 

affected, yet lipid accumulation still occurred, suggesting that ZEA may affect molecular changes 

without obvious effects on the cellular level to disrupt lipid homeostasis.  

Estrogen has been generally associated with reduction of lipid, while loss of estrogen or estrogen 

receptor is associated with adiposity and hepatic lipogenesis [48]. Estrogen can reduce lipid 

accumulation in the liver through ERα-mediated pathways [49]. It may be responsible for the 

decreased saturate fat acid content in the female brain compared to male brain [50]. Its levels are 

oppositely related to mouse uterine lipid contents during estrous cycle, with  minimum at estrus 

stage and maximum at diestrus stage [51]. Therefore, it is unlikely that ZEA-induced lipid 

accumulation observed in our study is directly caused by the estrogenicity of ZEA.  

Increased neutral lipid accumulation in placenta has also been observed in women with 

preeclampsia, gestational diabetes, and fetal growth restriction [52, 53]. One potential cause that 

has been proposed is the hypoxia in the placenta which can be induced by defects in vasculature 

development [54]. Unexpanded or dilated blood spaces in the labyrinth layer of the placentas in 

the 40 ppm ZEA group indicated defective vasculature development, which could contribute to 

the increased lipid accumulation. The molecular mechanisms of ZEA in affecting the placenta 

(e.g., lipid homeostasis) and the time course of ZEA in affecting placental development remain to 

be investigated.  
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Table 

Table B1. Implantation site resorption rate on D13.5. 

ZEA 

treatment 

group 

Mouse 

No. 

No. of total 

implantation 

sites 

Unabsorbed 

(%) 

Resorption (%) 

0 ppm 0-1 5 80 20 

0-2 * 8 87.5 12.5 

0-3 9 100 0 

0-4  8  100 0 

0-5 6 83.3 16.7 

0-6 4 75 25 

    Type I 

resorption (%) 

Type II 

resorption (%) 

40 ppm 40-1 9 55.6 33.3 11.1 

40-2 11 72.8 27.2 0 

40-3 6 50 50 0 

40-4 6 83.3 16.7 0 

40-5 6 50 16.7 33.3 

40-6 * 7 28.57 42.86 28.57 

40-7 10 20 80 0 

40-8 9 0 100 0 

40-9 7 57.1 42.9 0 
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* Uterine images of 0-2 and 40-6 were shown in Fig. B1D. Type I resorption: The implantation 

site was completely dark and without identifiable structure. Type II resorption: The implantation 

site was partially pinkish and the degenerating placental and fetal tissues could still be 

identifiable.  
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Figure legend 

 

Figure B1. Effects of ZEA diets on fetal and placental growth detected on D13.5. A. Body 

weight gain from gestation day 5.5 (D5.5) to D13.5. B. Resorption rate of implantation site in 

individual mouse. Each diamond represents one mouse. Red line indicates average. C. 

Percentage of mice with placental hemorrhage. D. From left to right: images of one D13.5 uterus 

with implantation sites each from 0 ppm (upper panel) and 40 ppm (lower panel) ZEA groups 

(see Table 1), enlarged view of resorbed implantation sites, and a fetus with its placenta from an 

unabsorbed implantation site on the left. . Black arrow, unabsorbed implantation site; blue arrow, 

a small implantation site being absorbed with part dark tissue on the left side and part pinkish 

tissue on the right side in 0 ppm ZEA group; blue dotted arrow, an implantation site with 

complete dark tissue (type I) in 40 ppm ZEA group; red dotted arrow, a small implantation site 

being absorbed (type II) in 40 ppm ZEA group; red arrow, placental hemorrhage in 40 ppm ZEA 

group. E. Placental weight. F. Fetal weight. A, E, and F: Error bar, standard deviation; N=6-9 (A) 

and 6-8 (C, E, F); * P<0.05, compared to the rest four groups.  

 

Figure B2. Quantification of D13.5 placental layers. A. Outlines of three layers in a placenta 

in 0 ppm ZEA group and two placentas in 40 ppm ZEA group. Yellow lined area, labyrinth; blue 

lined area, junctional zone; green lined area, decidua; black line, width of a 5x image. B. Areas 

of placental layers. C. Total area of the placentas. B & C: Error bar, standard deviation; N=5-6; * 

P<0.05, compared to the rest four groups.  

 



 

178 

Figure B3. Histology of D13.5 placentas. A-A2. A representative labyrinth layer in 0 ppm ZEA 

group. B-B2. Focal necrosis in the labyrinth layer of a placenta in 40 ppm ZEA group. C-C2. 

Dilation of blood space in the labyrinth layer of a placenta in 40 ppm ZEA group. A1-C1, 

enlarged from the boxed area in A-C, respectively; A2-C2, enlarged from the boxed area in A1-

C1, respectively; laby, labyrinth layer; yellow star in B2, focal necrosis; blue arrow in C2, 

dilated maternal blood space filled with enucleated red blood cells; black arrow in C2, nucleated 

fetal blood cells in fetal capillary; scale bar, 400 µm (A-C), 100 µm (A1-C1), or 25 µm (A2-C2).  

 

Figure B4. Immunostaining of cytokeratin 19 (CK19) and laminin in labyrinth layer. A-C. 

Immunohistochemistry of CK19 in control (A) and 40 ppm ZEA (B, C) labyrinths. CK19 (brown 

staining) labels sinusoidal trophoblast giant cells that line the maternal blood space  in the 

labyrinth. Blue arrow, expanded maternal blood space; black dotted arrow, unexpanded maternal 

blood space; scale bar, 50 µm. D-F. Immunofluorescence of laminin in control (D) and 40 ppm 

ZEA (E, F) labyrinths. Laminin (red staining) is a marker of basal laminin surrounding the fetal 

capillary in the labyrinth. White arrow in D, fetal capillary lined up by laminin staining; yellow 

arrow in E, dilated fetal capillary; yellow dotted arrow in E, discontinuous laminin staining; 

white dotted arrow in F, focal cluster of laminin staining; scale bar, 25 µm.   

 

Figure B5. ZEA diets increase oil red staining in labyrinth layer (Laby) of D13.5 placentas. 

A-D. Oil red staining counter-stained with Hematoxylin. C & D: Enlarged from A & B, 

respectively. E-F. Oil red staining only for quantification using ImageJ. A-F: scale bar, 400 µm 

(A,B) and 25 µm (C-F). G. Oil red staining as % of area. N=4; error bar, standard deviation; * 

P<0.05, compared to 0 ppm group.  
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Figure B1 
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Figure B2 
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Figure B3 
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Figure B4 
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Figure B5 

  



 

184 

 

 

APPENDICE C 
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Abstract 

Mycoestrogen zearalenone (ZEA) is a common food contaminant (ppb ~ low ppm levels) that can 

interfere with female reproduction. Previously we demonstrated disrupted mouse placental 

development by 40 ppm ZEA diet. MicroRNAs are sensitive to xenobiotics and have been 

implicated in placental physiology and pathology. We hypothesized that ZEA could dysregulate 

microRNA expression in the mouse placenta. Young mice were fed with 0 ppm (control), 4 ppm, 

and 40 ppm ZEA diets from 5.5 days post-coitum (D5.5). On D13.5, placentas were isolated for 

microRNA array analysis. In the D13.5 control placentas, ~80% of microRNAs had an average 

signal intensity <100; the top 20 most abundant microRNAs were predicated to target genes 

involved in metabolism, vesicle trafficking, and immune function, etc., that are critical for 

maternal-fetal communications. Using criteria of Log2FC ≥ 1 and Log2FC ≤ -1 (linear 2 fold 

change (FC)), a false discovery rate adjusted p-value ≤ 0.05, and an average signal intensity in all 

three groups >100, R package limma identified 8 differentially expressed miRNAs (mmu-miR-

133b-5p, mmu-miR-7028-5p, mmu-miR-294-3p, mmu-miR-3970, mmu-miR-20b-5p, mmu-miR-

7683-3p, mmu-miR-335-5p, mmu-miR-450b-5p) in the 40 ppm ZEA group that included all 5 

differentially expressed miRNAs in the 4 ppm ZEA group. The predicted targets of the 5 

differentially expressed microRNAs in both ZEA-treated groups were related to immune function, 

protein metabolism and post-translational modifications, extracellular matrix organization, and 

membrane trafficking, etc. These data imply roles of placental microRNAs in regulating 

expression of genes critical for placental function in vivo and in sensing environmental 

contaminants. 
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Introduction 

Mold contamination is ubiquitous in the environment. Zearalenone (ZEA), a mycotoxin 

from a common type of mold named Fusarium, is a regular food contaminant at levels of ppb ~ 

low ppm . ZEA and its metabolites can interact with estrogen receptors and are classified as 

mycoestrogens. Because of the essential roles of estrogen in female reproduction, some 

mycoestrogens have been shown to interfere with female reproduction [1]. The placenta is 

indispensable for female reproduction in eutherians, providing nourishment and waste removal for 

the developing fetus [3]. Because of ethical issues and shared similarities at the molecular level 

between hemochorial human and mouse placentas, mouse models have often been used to provide 

important insights into the molecular basis of human placenta.  

When young female mice were fed with ZEA diets (0.8, 4, 10, and 40 ppm) from 5.5 days 

post-coitum (D5.5) to D13.5, their placentas showed various adverse effects, including increased 

resorption of placentas, placental hemorrhage, decreased placental weight, and disrupted placental 

labyrinth vascular spaces in the 40 ppm ZEA group, as well as lipid accumulation in the placental 

labyrinth layer in all ZEA-treated groups. Meanwhile, there were increased fetal resorption and 

decreased fetal weight in the 40 ppm ZEA group, which were most likely caused by ZEA-induced 

placental toxicity [2].  

Placental development is associated with dynamic gene expression, which can be regulated 

by epigenetic mechanisms, such as microRNAs (miRNAs). MiRNAs bind to the 3’-untranslated 

region of target mRNAs to silence target gene expression via mRNA degradation and/or 

translational suppression. Emerging information has indicated roles for miRNAs in placental 

development and pregnancy complications [4]. Placental miRNAs are sensitive to xenobiotics, 

including environmental pollutants [5]. It was hypothesized that ZEA could dysregulate miRNA 
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expression in the mouse placenta. This hypothesis was tested using miRNA array in D13.5 

placentas from control (0 ppm), 4 ppm, and 40 ppm ZEA groups (N=4) [2].   

Materials and methods 

C57BL/6 female mice (2-3 months old) were fed with ZEA diets: 0 ppm (control), 4 ppm, 

or 40 ppm zearalenone (ZEA) from gestation day 5.5 (D5.5) to D13.5 as previously described (Li 

and Andersen et al., 2019). On D13.5, pregnant dams were euthanized and placentas were flash 

frozen in liquid nitrogen and kept in -80oC.  

One representative D13.5 whole placenta from each mouse was homogenized in liquid 

nitrogen for total RNA isolation using Trizol reagent (Invitrogen, ThermoFisher Scientific, 

#15596018). Four samples from four individual mice in each group that passed QC test were 

processed for microRNA array at LC Sciences, Houston, TX. Chip images were digitized and 

microRNA intensity values were generated. Background was subtracted from signal means and 

then normalized using a LOWESS filter (LC Sciences). 

ANOVA (p-value ≤ 0.05) was used to select differentially expressed miRNAs for heatmap 

plots (supplementary Fig. S2). The R package limma was employed for identifying differentially 

expressed microRNAs (Ritchie et al., 2015). MiRNAs with an average signal intensity <1 were 

excluded from analysis. Criteria for differential expression include: 1) Log2FC ≥ 1 or Log2FC ≤ -

1 (linear 2 fold change (FC)); 2) an adjusted p-value ≤ 0.05 (Benjamini-Hochber FDR), which 

would filter out the majority of the differentially expressed miRNAs selected using ANOVA (p-

value ≤ 0.05); and 3) an average signal intensity (reading from microRNA array) of all three groups 

>100 (McCarthy and Smyth, 2009; Xiao et al., 2014). A 3D plot of the first 3 principle components 

was created to visualize the variation of miRNA expression among three treatment groups and four 

individual samples in each group (PC1=16.94%, PC2=13.09%, PC3=10.84% of total variation 



 

188 

explained, Figure C1). Five miRNAs (mmu-miR-20b-5p, mmu-miR-294-3p, and mmu-miR-3970, 

mmu-miR-7683-3p, mmu-miR-450b-5p) were downregulated in both 4 ppm and 40 ppm ZEA 

groups (Supplementary Table CS1) and were used in downstream analyses. 

D13.5 murine placenta transcriptome from publicly available data set GSE119710 was 

analyzed to determine placenta specific transcripts (McNairn et al., 2019). Raw fastq files were 

downloaded from GEO and analyzed as previously described (Andersen et al., 2018). 

79091/142332 (55.57%) refseq_mrna IDs with at least 1 read count across all samples were used 

for analysis. Read counts were log transformed and mean expression, standard deviation, and a 

coefficient of variation (COV ≤ 30%) were generated for each transcript (Sticht et al., 2018). 16551 

(11.63%) had an average read count greater than 100 and were considered to be expressed above 

a basal level. Predicted targets were determined using miRwalk using default settings (Sticht et 

al., 2018). There were 3672 (2.58%) unique refseq_mrna IDs shared between the differentially 

expressed miRNA predicted targets and the placenta transcriptome dataset. All transcripts that 

were both predicted targets and found in the placenta transciptome dataset were used for Reactome 

pathway enrichment analysis (Fabregat et al., 2017). MiRNA abundance in D13.5 placenta: To 

analyze pathways involved in the highest expressed miRNAs, miRNAs were determined to be 

highly expressed if the average signal intensity value was above 1000. A COV less than 30% was 

used to increase confidence in the expressions of miRNAs. The top 20 miRNA (average signal 

intensity value > 6000) that matched these criteria were used in the analysis. All predicted targets 

(44496 refseq_mrna) were compared to placental transcriptome. 5112 unique refseq_mrna IDs 

were shared between the miRNA predicted targets and the placenta transcriptome. All transcripts 

were used for Reactome pathway enrichment analysis.   
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Results 

Among the 1,900 miRNA probes in the D13.5 control placentas, 13 (0.68%) had signal 

intensity over 10,000; 119 (6.26%) between 1,000 and 10,000; 263 (13.84%) between 100 and 

1,000; and the remaining 1,505 (79.21%) <100 (Fig. C1A). The top 20 most abundant miRNAs 

with an average signal intensity >6,000 and a coefficient of variation <30% were selected for target 

mining. Predicted mRNA targets, including abundantly expressed Tpbpa & Tpbpb (trophoblast 

specific proteins alpha and beta) in the D13.5 mouse placenta, were determined using miRwalk 

with default settings and enriched with D13.5 murine placenta transcriptome GSE119710 

(McNairn et al., 2019). Pathway analysis of the enriched placental target genes of the top 20 

highest expressed miRNAs revealed the following top pathways: metabolism of proteins, post-

translational protein modification, metabolism, membrane trafficking, and vesicle-mediated 

transport, and many other important signaling pathways (Fig. CS1) that are critical for maternal-

fetal communications. These data imply important roles of miRNAs in regulating expression of 

genes critical for placenta development and function under physiological conditions.  

MiRNA profiles were analyzed for differentially expressed miRNAs by ZEA exposure. 

Visualization of the first three principle components indicated low variability in 0 ppm ZEA group 

that overlapped with 4 ppm ZEA group, and a well separated 40 ppm ZEA group with large intra-

variability. This overall picture indicated a dose-response effect and various individual sensitivity 

to ZEA exposure (Fig. C1B). The majority of the differentially expressed miRNAs indicated by 

ANOVA analysis (heatmaps in Fig. CS2) were filtered out when R package limma was employed 

to identify differentially expressed miRNAs, with criteria of Log2FC ≥ 1 or Log2FC ≤ -1 (linear 2 

fold change (FC)), a false discovery rate adjusted p-value ≤ 0.05, and an average signal intensity 

in all three groups >100 (Ritchie et al., 2015). Under these criteria, 8 differentially expressed 
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miRNAs were identified in the 40 ppm ZEA group (mmu-miR-133b-5p, mmu-miR-7028-5p, 

mmu-miR-294-3p, mmu-miR-3970, mmu-miR-20b-5p, mmu-miR-7683-3p, mmu-miR-335-5p, 

mmu-miR-450b-5p), which included all 5 differentially expressed miRNAs in the 4 ppm ZEA 

group (Table CS1), shown as the largest red dots in the volcano plots (Fig. C1C, C1D). Two of the 

20 most abundantly expressed miRNAs in the D13.5 placentas, mmu-miR-133b-5p and mmu-

miR-7028-5p, were downregulated only in the 40 ppm ZEA group (Table CS1). Their predicted 

target genes were enriched in ‘endocytosis’ and ‘mTOR signaling’ pathways (data not shown).   

Since the placentas from 40 ppm ZEA group had disrupted structure and function that were 

not obvious in the placentas from 4 ppm ZEA group, it is possible that differential expression of 

some miRNAs in the 40 ppm ZEA group could be a consequence of disrupted placental structure 

and function, whereas those in the 4 ppm ZEA group would more likely be targeted by ZEA and 

act as sensors of ZEA exposure (Li and Andersen et al., 2019). We focused our analysis on the 

five microRNAs, mmu-miR-20b-5p, mmu-miR-294-3p, and mmu-miR-3970, mmu-miR-7683-3p, 

and mmu-miR-450b-5p, which were downregulated in both 4 ppm and 40 ppm ZEA groups (Table 

CS1). Mmu-miR-294-3p is a member of the miR-290-295 cluster, equivalent to human homologs 

miR-371-373, which are important for placental growth and maternal-fetal transport (Paikari et 

al., 2017). Reactome pathway analysis revealed multiple enriched pathways from the predicted 

targets of these five miRNAs. Three of the top 5 pathways were related to immune function, which 

is critical for regulating maternal-fetal interface (Ander, Diamond and Coyne, 2019). Protein 

metabolism and post-translational modifications, extracellular matrix organization, and membrane 

trafficking are among top predicated pathways (Fig. C1E). These data demonstrate that ZEA has 

dose-dependent effects on expression of some placental miRNAs that are predicted to target 

critical genes in placental development and function. 
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Several miRNAs that are differentially expressed in the placentas from preeclampsia 

patients, such as miR-20b, have significant expression levels in the control D13.5 placentas and 

were shown to be dysregulated by ZEA treatment (Wang et al., 2012). MiR-20b is a known 

angiogenesis-associated miRNA detected in the syncytium and some of the villous mesoblasts of 

term human placenta. Since the most severe adverse effects induced by ZEA exposure were 

observed in the labyrinth layer, and several placental miRNAs sensitive to ZEA treatment are 

associated with functions of cells in the labyrinth layer, this study provides preliminary evidence 

that miRNAs may mediate ZEA-induced placental toxicity.  
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Figure Legend 

Figure C1. Analysis of microRNAs in D13.5 mouse placentas upon ZEA treatment. A. Distribution of 

microRNAs based on their abundance/reading in the D13.5 control placentas. B. A 3D plot of the first 

three principle components (PC1=16.94%, PC2=13.09%, PC3=10.84% of total variation explained) to 

visualize the variations of microRNA expression profiles among the treatment groups and individual 

samples. C-D. Volcano plots of D13.5 placental microRNAs between 0 ppm and 4 ppm ZEA groups (C) 

and between 0 ppm and 40 ppm ZEA groups (D). Red dots: significantly differentially expressed 

miRNAs, Log2FC ≥ 1 or Log2FC ≤ -1 (linear 2 fold change (FC)), adjusted p-value ≤ 0.05; dot size: 

Log2(average signal intensity of all three groups). The 5 miRNAs in C represented by the 5 biggest red 

dots had average signal intensity >100 (Table S1) and were used for further analysis in E. E. Reactome 

pathway analysis of predicted targets of 5 significantly differentially expressed microRNAs in both 4 ppm 

and 40 ppm ZEA groups that fit the criteria of Log2FC ≥ 1 or Log2FC ≤ -1, adjusted p-value ≤ 0.05, and 

average signal intensity >100 (Table S1). Reactome pathway adjusted p-value ≤ 0.05, sorted by p-value. 
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Figure CS1. Reactome pathways (adj. P ≤ .05) enriched with predicted placenta-specific target genes of 

the 20 most abundant microRNAs in D13.5 mouse placentas of control group. 

Figure CS2. Heat maps of differentially expressed miRNAs (A. P<0.05; B. P<0.01) in D13.5 mouse 

placentas upon 0 ppm, 4 ppm, and 40 ppm dietary ZEA treatment from D5.5 to D13.5. N=4; ANOVA 

analysis. 

Table CS1. Differentially expressed microRNAs in D13.5 mouse placentas upon 4 ppm and 40 ppm 

dietary ZEA treatment from D5.5 to D13.5. 
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Figure 

Figure C1 
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Supplementary 

Figure CS1 
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Figure CS2 
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Table CS1 

 

 

 

 


