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Abstract

Pregnancy is a hypercoagulable state which carries an excess risk of maternal venous thrombosis. 

Endothelial injury, alterations in blood flow and activation of the coagulation pathway are 

proposed to contribute to the hypercoagulability. The risk for thrombosis may be accentuated by 

certain drugs and device implants that directly or indirectly affect the coagulation pathway. To help 

ensure that these interventions do not result in adverse maternal or fetal outcomes during 

pregnancy, gravid experimental animals can be exposed to such treatments at various stages of 

gestation and over a dosage range that would identify hazards and inform risk assessment. 

Circulating soluble biomarkers can also be evaluated for enhancing the assessment of any 

increased risk of venous thrombosis during pregnancy. In addition to traditional in vivo animal 

testing, efforts are under way to incorporate reliable non-animal methods in the assessment of 

embryofetal toxicity and thrombogenic effects. This review summarizes hemostatic balance during 

pregnancy in animal species, embryofetal development, biomarkers of venous thrombosis, and 

alterations caused by drug-induced venous thrombosis.
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Introduction

Human pregnancy is a hypercoagulable state in which the homeostatic equilibrium is shifted 

toward coagulation, elevating the risk of thrombosis and other maternal complications. 
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These alterations are driven by physiological changes in coagulation pathways, and may be 

accentuated by mechanical constriction in the main abdominal veins and arterial structures 

by the growing uterus as pregnancy progresses (Brenner, 2004; Lockwood; 2006, Szecsi et 

al., 2010; Liu et al., 2012). These and other lifestyle and predisposing factors culminate in 

pregnant women having increased risk for thrombosis, especially during the peripartum and 

puerperium. Coagulopathy and hemodynamic changes related to the metabolic syndrome 

have also been proposed to play a role in pregnancy-associated hypertension and pre-

eclampsia (Ness and Sibai, 2006; Tchaikovski et al., 2011; Ebina et al., 2015). The 

prothrombotic state of pregnancy may be further escalated by certain drugs or device 

implants which could alter the coagulation parameters or blood flow. Moreover, treating 

thrombosis during pregnancy may carry risk of bleeding and fetal toxicity. Thus, evaluating 

effects of drugs and biologics on coagulation parameters is prudent, and helps to assure the 

safe use of these products during pregnancy and gestation.

Several documents have been adopted to provide guidance on the design and analysis of 

mammalian animal studies intended to evaluate the safety of drugs and biologics used during 

pregnancy and gestation. However, the risk of venous thrombosis during pregnancy is not 

fully addressed by the traditional studies. To address this issue, research efforts are 

underway to develop non-animal methods to assess for enhanced risk of thrombotic events 

or embryofetal developmental toxicity.

Mammalian Pregnancy and Embryofetal Development

Unlike other vertebrates, females of most mammalian species not only produce the egg, but 

also support the fertilized egg, the embryo, and later the fetus throughout pregnancy via the 

placenta. Embryofetal development is a period of exponential growth that starts with the 

one-cell zygote, followed by its rapid cell division to a blastocyst stage, where the embryo 

starts differentiating into two distinct cell populations- the surrounding outer trophoblast 

cells and the inner cell mass cells. In the blastocyst stage, the embryo hatches from its 

protective zona pellucida layer and is now able to begin implantation into the maternal 

endometrium. The embryo undergoes rapid cell proliferation and differentiation during 

morphogenesis (ending around week 8 post-fertilization in humans, when it is referred to as 

a “fetus”) and organogenesis (which continues for 39 weeks in humans), and culminates 

with the delivery of the mammalian pup. Besides the difference in size and the sexual 

maturity, the mammalian newborn resembles its parents in most aspects of anatomy, 

morphology, and physiology. Species differences in the extent of organ maturity at birth 

notwithstanding, musculoskeletal, cardiovascular, neuronal, digestive, and pulmonary 

development in the newborn mammal is almost complete at term. Developmental milestones 

for the main organ systems for humans and rodents exhibit species differences (Table 1). 

Drug-induced morphological or functional impairment that occurs during the proliferation 

and differentiation of the embryo before specific organs reach their maturity could 

potentially be severe and irreversible. For example, if a given toxicity occurs prior to or 

immediately after implantation, it may result in spontaneous loss of the embryo. If the 

exposure to a drug happens during morphogenesis and organogenesis (i.e., before the 

developmental milestones are reached), cardiovascular, skeletal, or other anatomical 

malformations can occur (Table 1) (Menger et al., 1997, van Driel et al., 2002). Functional 
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deficit is often associated with physical malformations such as renal failure and fetal 

hypotension, in the case of administration of angiotensin converting enzyme inhibitors 

during the second and third trimesters of pregnancy, or central nervous system and heart and 

lung dysfunction associated with fetal exposure to warfarin (van Driel et al., 2002).

The safety assessment of drugs and biologics intended to be used during the embryofetal 

developmental stages has been traditionally assessed in experimental animals. These studies 

are designed to predict potential adverse effects, if any, such as fetal structural or functional 

abnormalities following exposure of the mother and the embryo during the period of 

organogenesis. The testing for embryofetal toxicity is generally conducted in a rodent (rat, 

mouse) and a non-rodent (rabbit) species. Two species are traditionally used because the 

inter-species differences in susceptibility to toxicants can increase the likelihood of 

capturing different aspects of embryofetal toxicity (van der Laan et al., 2012). If either the 

rodent or non-rodent species are unresponsive to biologics, non-human primates are 

considered as potential animal models.

Depending on the target of the embryofetal toxicant, temporal windows of susceptibility for 

morphological or functional impairment are species-specific. For example, nephrogenesis in 

humans is completed in utero, whereas in mice and rats it occurs postnatally (Table 1) 

(Cappon and Hurtt, 2010). Thus, for certain drugs that act on a specific organ, studies that 

include only in utero exposures in mice and rats, but not postnatal administration, may not 

capture all the effects that could potentially occur in humans. Species differences in the 

system- or organ-specific developmental milestones form the basis for choosing the 

appropriate species and duration of studies for assessing the safety of drugs and biologics 

during embryofetal development. Susceptibility to toxicological fetal injury in these species 

depends on the timing of exposure in utero because organs have different critical periods 

when they are most susceptible during gestation.

The placenta derives from the fertilized egg, and in addition to being the supporting organ 

for the fetus, it has immune and endocrine functions that ensure the viability of the embryo 

and continuation of pregnancy. There are significant differences in the morphology and 

physiology of the rodent, rabbit, monkey, and human placenta (Table 2). Of those, the 

placenta of the macaque monkey is the most similar to that of the human in structure, shape, 

and morphology. Regardless of placental morphology, it is generally accepted that most 

mammalian embryos are exposed to drugs present in the maternal circulation (Carney et al., 

2004; Atkinson et al., 2006). Relevant species, optimal dosages, timing, length of period of 

fetal exposure, and stages of development are critical variables in the design of reproductive 

toxicology studies. Considerations on timing and levels of transplacental transfer in animal 

species versus human, especially for biotechnology-derived pharmaceuticals, such as 

antibody therapies, are also factors that influence the selection of species and study design in 

animal testing (DeSesso et al., 2012).
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Alternative Methods for Assessing Drug Safety During Embryofetal 

Development

In addition to the traditional in vivo animal models for assessing reproductive toxicology, 

alternative approaches also continue to be explored. Although to date most of the alternative 

approaches are still in the stage of development and validation, many are being used in the 

early phases of drug discovery to search for the least toxic molecule during lead compound 

optimization and to streamline potential chemicals with severe toxicity signals. Among the 

alternative approaches being explored to assess embryofetal toxicity of drugs are the whole 

embryo culture, the Zebrafish model, and embryonic stem cells (Piersma, 2004; Lee et al., 

2012). In silico computational modeling based on the similarity of physicochemical 

properties and activity of drugs, can also be utilized to predict embryofetal toxicity, in an 

effort to minimize the latter (Piparo and Worth, 2010).

The whole embryo culture system (WEC) is a well-developed in vitro approach that has 

been used extensively to evaluate the potential for embryo-toxicity of drugs that may be used 

during the vulnerable period of organogenesis. Both the rat and rabbit embryo models have 

been developed and tested as a rapid screen for potentially teratogenic compounds or to 

study the mechanisms of normal development. The advantage of this method is that a broad 

spectrum of normal and impaired developmental events can be monitored using the WEC 

system. However, the drawback of this testing method is that, at present, it can only be 

conducted for a limited time during embryofetal development (typically between gestational 

days 8 and 12 in rat and rabbit models) and, due to technical limitations with the in vitro 
culture system, cannot be carried out to the end of gestation (Harris and Hansen, 2006).

The Zebrafish embryo has also been used as a research animal model to study the effects and 

mechanisms of teratogens. The use of the Zebrafish model in developmental toxicity studies 

has many advantages, including the potential for high output, because of the short life span 

of this species and the relatively low cost of the assay. The Zebrafish assay has proven to be 

a rapid and relatively accurate tool for the evaluation of compounds with a teratogenic 

potential. When used in conjunction with other safety assessment tools, this model is a 

valuable assay to be utilized for the purposes of hazard identification and benefit-risk 

analysis for pharmaceuticals (Brannen et al., 2010).

Embryonic stem cell assays are a group of alternative tests being developed for assessing 

potential toxicity of pharmacologic agents on the proliferation and differentiation of 

pluripotent cells (Tandon and Jyoti, 2012). In these studies, both unspecialized stem cells 

and those triggered to undergo differentiation into various organ systems (e.g., heart, nerve, 

or skin cells) can be subjected to the potential toxicant. Growth inhibition (or cytotoxicity) 

and the inhibition of differentiation are often assessed as a readout on the effect the 

compound may have on embryofetal growth and development. Both mouse and human 

embryonic stem cell lines have been tested for feasibility of the assay. However, the 

embryonic stem cell assays still need to be further refined as at the present time they are still 

limited by their low sensitivity and specificity.
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Hemostatic Balance During Pregnancy in Animal Species

The coagulation pathway is an ancient homeostatic adaptation occurring early in the 

evolution of vertebrates (Ribeiro et al., 2015). The principal proteins of this pathway are 

present in all eutherian (i.e., placental) mammalians. The activity and physiologic levels of 

these proteins vary markedly across species, strains, and genders; there are additional 

differences related to the age and the physiologic state (e.g., before and during estrus) of the 

tested animal (Gentry, 2004; Lemini et al., 2007; Siller-Matula et al., 2008; Doolittle, 2009; 

Lemini et al., 2015). However, little is known about the conservation of physiologic changes 

in the coagulation propensity in pregnancy and in hormonally altered states in common 

laboratory animals.

Numerous studies in animals have sought to recapitulate the changes in coagulation and 

propensity for thrombosis that occur during pregnancy and after hormonal treatment in 

women (Table 3). These studies indicate that animals and humans can respond differently to 

such states. The main alterations observed in rats and mice receiving estrogen were not 

thrombo-embolic but hyperplasia of some tissues (Pasquale, 1989). Changes in coagulation 

factors have not been thoroughly examined in animals. In studies where coagulation 

molecules were measured, the extent of the changes, both in terms of the number of 

coagulation factors affected and the magnitude of the change has not been analogous to 

humans (Cleuren et al., 2010, Cleuren et al., 2012).

Reference ranges of coagulation pathway proteins during pregnancy are not widely 

available, and existing data indicate a complex scenario. In New Zealand white rabbits, 

prothrombotic changes in coagulation parameters, such as increased levels of fibrinogen and 

decreased prothrombin time, have been reported at the end of gestation (Mizoguchi et al., 

2010). Differences in prothrombin time, as well as adaptations counteracting the 

prothrombotic changes (such as higher levels of antithrombin which is not seen in pregnant 

women), were also observed in various rabbit strains (Haneda et al., 2010; Mizoguchi et al., 

2010; Szecsi et al., 2010).

Increased transcription of fibrinogen and thrombin genes was reported during pregnancy and 

during early post partum in Sprague Dawley rats (Urasoko et al., 2009; Urasoko et al., 

2012). Significantly lower prothrombin time measurements were observed immediately 

following delivery in rats (Urasoko et al., 2009; Urasoko et al., 2012). Like rabbits, rats had 

increased antithrombin levels at the end of pregnancy and during very early lactation 

(Urasoko et al., 2009; Urasoko et al., 2012). It is presumed that similar variations of 

reference ranges may also occur in different species of non-human primates during 

pregnancy given the age and species-specific differences reported (Ekser et al., 2012).

The absence of data on the levels or physiologic activity of most proteins indicative of the 

prothrombotic state during human pregnancy is a major limitation of various studies in 

gravid animals. For example, most studies that have been performed in animals did not 

evaluate possible changes in the activated protein C-mediated thrombolytic pathway. Lower 

activities of protein C, protein S, and tissue factor pathway inhibitor (TFPI) are the 

hallmarks of activated protein C resistance both in pregnant women and those who receive 
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oral contraceptives (Hellgren, 2003; Tchaikovski and Rosing, 2010). In a few animal studies 

where these parameters were measured, such as those performed in C57BL/6 mice, 

decreased activated protein C resistance, due to increased protein S and TFPI levels, was 

seen during pregnancy (Table 3) (Tchaikovski et al., 2009). Some of the most common 

laboratory strains, such as C57BL/6 mice, may have distinct regulatory mechanisms that 

offer protection against estrogen-mediated thrombosis in pregnancy. Thus, the species 

commonly used to assess safety during pregnancy, namely rodents, rabbits, and non-human 

primates, exhibit significant inter- and intra-species differences in pregnancy-related 

coagulation changes.

Venous Thrombosis During Pregnancy

Pregnancy itself carries the risk for hypercoagulability, which is characterized by an 

imbalance between procoagulant and anticoagulant factors that are essential to maintain 

vascular homeostasis. It is generally believed that such a shift toward hypercoagulability in 

pregnant women represents an evolutionary adaptation conferring survival benefit to 

pregnant women facing the trauma of childbirth. The anticoagulant effects are maintained by 

various trans-membrane proteins expressed in endothelial cells, such as thrombomodulin, 

tissue-type plasminogen activator (t-PA), heparin-like proteoglycans, and soluble proteins, 

such as antithrombin. The procoagulant effects are mediated by increased expression/activity 

of thrombin, plasminogen-activator inhibitor-1 (PAI-1), von Willebrand factor (vWF), tissue 

factor, and reactive oxygen species.

Several factors have been proposed that trigger clotting in veins during pregnancy, such as 

activated endothelium, altered blood flow, and hypercoagulability (Fig. 1). Hypoxia or 

inflammatory stimuli that may occur early during pregnancy can trigger endothelial cell 

activation and adhesion receptors expression, and lead to the activation of circulating 

leukocytes (Blann, 2003; Patil et al., 2013). Subsequent activation of leukocytes induces 

expression of tissue factor that switches the intimal surface to a prothrombotic state. Under 

normal conditions, the endothelium releases nitric oxide (NO) and prostacyclin, and 

expresses various anticoagulants, such as TFPI, endothelial protein C receptor, and heparin-

like proteoglycans, to prevent thrombosis (Esmon and Esmon, 2011). Thrombomodulin 

participates in the inhibition of coagulation by binding and deactivating thrombin, and by 

activation of protein C, which degrades factor Va and factor VIIIa in the presence of protein 

S. Reduced expression of protein S in pregnancy leads to unopposed activation of these 

factors, and thereby promotes thrombosis. Among the prothrombotic molecules that are 

expressed on the surface of activated endothelial cells, tissue factor acts as a cofactor for 

factor VIIa, leading to activation of factors IX and X, and thrombin, resulting in initiation of 

blood coagulation (Fig. 2). During pregnancy, endothelial cells are activated, which leads to 

the expression of procoagulant tissue factor and downregulation of the anticoagulant protein 

S, both of which could intensify thrombotic risk (Esmon and Esmon, 2011; Patil et al., 

2013).

Activation of endothelial cells during pregnancy leads to increased expression of various 

molecules (such as P-selectin, E-selectin, and vWF) that capture leukocytes, platelets, and 

microparticles on the surface of the endothelium (Blann, 2003). vWF binds to hemostatic 
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proteins, particularly factor VIII, and participates in clot formation and platelet adhesion to 

the endothelium. In addition, hypoxia that may occur during pregnancy could promote the 

release of vWF from Weibel-Palade bodies in endothelial cells to enhance prothrombotic 

events (Blann, 2003; Patil et al., 2013). Elevated plasma levels of clotting factors (such as 

fibrinogen and thrombin), and reduced anticoagulants (such as protein S, activated protein C, 

and antithrombin III), are reported to occur during pregnancy (James, 2009; Patil et al., 

2013). In addition, fibrinolysis is impaired by an increase in PAI-1 and PAI-2, the latter 

synthesized from the placenta, with a net result tilting toward thrombotic state (Hellgren, 

2003; Patil et al., 2013).

In venous thrombosis, thrombi tend to occur at sites where blood flow and shear stress are 

low, resulting in red-cell-rich thrombi. During pregnancy, venous stasis may be intensified 

because of enhanced responsiveness of the vessel wall to hormonal changes that switch 

toward thrombotic risk (Peverill, 2003; James, 2009). Moreover, reduced blood flow and 

stasis, because of mechanical pressure by the gravid uterus, could potentially lead to the 

accumulation of procoagulant proteases, such as thrombin. Altered blood flow could 

augment thrombotic processes by creating turbulence, which enhances the cellular and 

enzymatic reactions, and induces injury to the intimal surface to result in a prothrombogenic 

intimal surface (Brenner, 2004).

Normal laminar flow regulates endothelial-cell-related vascular reactivity by inducing the 

release of NO, prostacyclin, and t-PA, which are antithrombotic mediators. But under high 

shear stress of turbulent flow that can occur during pregnancy, the endothelium releases 

prothrombotic and proinflammatory mediators, such as tissue factor, intercellular adhesion 

molecule-1 (ICAM-1, CD54), and vascular cell adhesion molecule-1 (VCAM-1, CD106). In 

addition, leukocytes and platelets may be displaced from their central flow streamlines and 

make a closer contact with an activated endothelium. Moreover, anatomical perturbation of 

the compression of the left common iliac vein by the gravid uterus leads to vasoconstriction, 

which could increase the risk of thrombosis during pregnancy (DeStephano et al., 2014).

Changes in hormones during pregnancy create a precondition for a hypercoagulable state by 

affecting the venous blood flow, which is accompanied by elevated levels of coagulation 

factors VII, VIII, and X, fibrinogen, vWF, and PAI-1 that lead to clot formation (Brenner, 

2004; James, 2009; Patil et al., 2013). Similarly, high levels of estrogen with the use of oral 

hormone contraceptives or hormone therapy augment the increase in the levels of factor VII, 

VIII, and X, prothrombin, and fibrinogen (Hellgren, 2003). Multiple mechanisms that 

activate thrombotic processes and mediators in the endothelium are considered to be 

amplified during pregnancy. Thus, increased incidence of venous thrombosis during 

pregnancy and the early postpartum period is the result of venous stasis, vascular endothelial 

injury/activation, and alterations in the constitution of the blood that lead to 

hypercoagulability.

Drug-Induced Thrombosis

Drugs can induce a pathological hypercoagulable state by a variety of mechanisms, 

including damage to the intimal surface, changes in blood coagulation constituents, and 
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alterations in blood flow. Drugs may also attenuate the secretion of antithrombotic mediators 

and facilitate platelet adhesion and aggregation. Pregnancy is a hypercoagulable state, and 

when drugs that have thrombogenic potential are administered during pregnancy, the risk of 

thrombosis or embolism may become substantial because of synergistic activation of the 

coagulation pathways. Drugs that activate or cause injury to the endothelium could be 

accompanied by loss of protective molecules and disruption of hemostatic balance, leading 

to the initiation of thrombosis (Patil et al., 2013). The intimal injury along with platelet 

hyper-reactivity and circulating coagulation factors interact in a series of interlacing 

reactions resulting in vasoconstriction and formation of thrombus consisting of platelets and 

fibrin. Certain drugs that facilitate thrombosis may be problematic to administer during 

pregnancy because they could aggravate the incidence of venous thrombosis, as discussed 

below.

DRUG-INDUCED ENDOTHELIAL INJURY

Endothelial injury leads to thrombotic processes by mechanisms that involve adherence of 

platelets, white blood cells, and fibrin to the endothelium, leading to expression or secretion 

of prothrombotic mediators, such as vWF, and loss of anticoagulant molecules, such as 

thrombomodulin (Blann, 2003). Decrease in endothelial mediators, such as NO and 

prostacyclin, that act as vasodilators and inhibitors of platelet and leukocytes adhesion, lead 

to a prothrombogenic intimal surface. Drug-induced injury to the endothelium could be a 

consequence of vasoconstriction, increase in blood pressure, high shear stress, circulating 

microparticles, and/or biomaterial device implants (Rectenwald et al., 2005).

Examples of drugs that cause direct endothelial damage include the antineoplastic 

anthracyclines, such as 5-fluorouracil (5-FU) and doxorubicin, which induce free radical 

generation that leads to lipid peroxidation and endothelial cell membrane damage (Kinhult 

et al., 2003). 5-FU impairs the antioxidant defense capacity of the endothelium, and excess 

free radicals impair the ability of endothelial cells to activate protein C. Since pregnancy 

itself confers a risk of thrombosis, the risk could even be higher with 5-FU treatment. 

However, the use of anthracyclines during pregnancy is restricted because they were shown 

to be embryotoxic and teratogenic, when administered during the period of organogenesis in 

rats and rabbits (Kumar et al., 2006).

Rapamycin analogs are immunosuppressants that upregulate the expression of tissue factor, 

a transmembrane protein that serves as a high-affinity receptor for factor VIIa, and initiates 

the extrinsic blood coagulation pathway (Guba et al., 2005). Rapamycin analogs are also 

coated onto stent devices to treat restenosis, and have been implicated in stent thrombosis by 

increasing endothelial tissue factor (Guba et al., 2005; Camici et al., 2010). Thus, the use of 

rapamycin analogs during pregnancy may enhance the incidence of venous thrombosis.

Drugs that influence levels of serotonin in the blood could potentially alter the tendency 

toward thrombosis. Selective serotonin reuptake inhibitors may increase the risk of 

thrombosis because of the immediate serotonin increase adjacent to specific serotonin 

receptors, which leads to platelet activation and endothelium-derived contracting factors 

(Maurer-Spurej et al., 2004; Kurne et al., 2004). Antipsychotics cause an increase in platelet 
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aggregation and vasoconstriction, and hence their use during pregnancy may intensify the 

risk of venous thrombosis (Hagg and Spigset, 2002).

Selective cyclooxygenase-2 inhibitors have been reported to increase thrombotic incidence 

because of inhibition of prostacyclin, in addition to thromboxane A2, in endothelial cells, 

and thereby tipping the hemostatic balance towards platelet aggregation and vasoconstriction 

(Kasliwal et al., 2005). Under certain conditions, COX-2 inhibitors may accentuate the 

prothrombotic state.

Dexamethasone is reported to cause an increase in plasma levels of prothrombotic factors, 

such as PAI-1, and decrease t-PA activity, and thus sustained exposure to glucocorticoids 

may contribute to increased risk of thrombosis (Brotman et al., 2006).

Phosphodiesterase type 5 (PDE-5) inhibitors induce vasodilatory effects mediated by the 

endothelial NO-guanosine monophosphate (GMP) pathway, which leads to blood stasis, 

increased endothelial permeability, and venous thrombosis. PDE-5 inhibitors are associated 

with reduced antithrombin III and free protein S, indicating that prolonged treatment may 

aggravate incidence of thrombotic or embolic events (Rufa et al., 2007).

In heparin-induced thrombocytopenia, the antibodies formed activate platelets and 

endothelial cells via the constant fragment (Fc) and the antigen-binding fragment (Fab’2). 

The latter induces expression of surface adhesion molecules, such as E-selectin and 

VCAM-1, which predispose to venous thrombosis (Blank et al., 2002). However, the 

incidence of low molecular weight heparin-induced thrombocytopenia is reported to be rare 

during pregnancy.

DRUG-INDUCED CHANGES IN COAGULATION FACTORS

Blood coagulation involves a series of proteolytic reactions resulting in the formation of a 

fibrin clot (Figure 2). Most factors are enzymes or coenzymes that are generally present in 

the plasma in an inactive form, but when activated, they become biologically functional in 

the clotting mechanism. Hormonal changes during pregnancy, in a similar fashion to 

estrogenic oral contraceptives alter the constitution of blood, result in hyperviscosity, and 

reduce antithrombin III, protein C, or S, which leads to a hypercoagulable state (Peverill, 

2003). Hormone therapies have been reported to increase plasma levels of coagulation 

factors, decrease antithrombin levels, impair coagulation inhibitor pathways, and increase 

the relative risk of thrombosis (Peverill, 2003). Tamoxifen is an anti-estrogen agent, but it 

has also been shown to exhibit estrogenic effects, which may reduce antithrombin and 

protein C levels, leading to hypercoagulability (Onitilo et al., 2009). Erythropoietin causes 

an increase in thrombin-antithrombin III complexes, a specific indicator of thrombin 

generation in blood, and induces PAI-1 release, which may aggravate the risk of thrombosis 

(Smith et al., 2003). Prednisone treatment decreases plasma levels of fibrinogen and 

plasminogen, and increases levels of prothrombin, antithrombin, and vWF, any of which 

may enhance incidence of thrombosis (Jilma et al., 2005).

Polyclonal immunoglobulin (IG) products have been linked to increased risk for 

thromboembolic events, likely because of multifactorial reasons, but presence of coagulation 
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factors that copurify with the active ingredient, for example activated factor XI, may play a 

potential role (Menis et al., 2013).

DRUGS THAT ALTER BLOOD FLOW

Disturbances in laminar blood flow augment the thrombotic processes because turbulence 

causes injury to the intimal surface and enhance thrombotic events (Wakefield et al., 2008). 

The increase in shear stress induces release of prothrombotic and proinflammatory 

endothelial mediators, such as tissue factor, vWF, endothelin, ICAM-1, and VCAM-1. 

Alterations in blood flow, such as slowing of blood flow, venous stasis, and/or increase in 

blood viscosity, promote activation of coagulation pathways. Thus, drugs that alter blood 

flow could activate tissue factor to bind to factor VIIa and trigger the initiation of 

coagulation (Stassen et al., 2004; Wakefield et al., 2008).

Antipsychotics bind to α-adrenergic receptors and cause vasodilation and hypotension by 

blocking adrenergic neurotransmission, which could lead to venous stasis and slowing of 

blood flow, and contribute to increased thrombogenicity (Zornberg and Jick, 2000). 

Selective serotonin reuptake inhibitors increase serotonin blood levels and cause 

vasoconstriction resulting in altered blood flow, and may facilitate thrombosis (Kurne et al., 

2004; Maurer-Spurej et al., 2004). Although not intended for pregnancy use, ethinyl 

estradiol carries a greater risk of venous thrombosis because it may increase hematocrit and 

blood viscosity, which could lead to a decrease in blood flow and lower shear rates 

(Cushman et al., 2004). Glucocorticoids act at various sites in the NO synthesis pathway and 

down-regulate endothelial NO synthase expression through genomic responses mediated by 

the intracellular glucocorticoid receptors that lead to vasoconstriction and decrease blood 

flow (Yang and Zhang, 2004). Recombinant human erythropoietin administration results in 

increased erythrocyte mass with augmented blood viscosity, by increasing erythrocyte 

flexibility that could increase the risk of thrombosis (Vogel et al., 2003). Inhibitors of 

vascular endothelial growth factors could potentially lead to overproduction of 

erythropoietin and increase hematocrit, which may increase the risk of thrombosis via 

elevation of blood viscosity.

Biomarkers for Assessment of Venous Thrombosis

In the in vivo embryofetal toxicity assessment of drugs, inclusion of biomarkers may 

provide weight-of-evidence in the evaluation of the risk for venous thrombosis. 

Measurements of circulating levels of coagulation molecules from pregnant animals may 

enable to characterize drugs for prothrombotic signals during pregnancy. A number of 

biomarkers have been proposed to predict venous thrombosis (Table 4).

A potential biomarker is D-Dimer, for which elevated levels are considered to reflect a 

hypercoagulable state. D-Dimer is a degradation product of cross-linked fibrin that is formed 

immediately after thrombin-generated fibrin clots are degraded by plasmin. D-Dimer levels 

rise during an acute event of venous thrombosis, and reflect a global activation of blood 

coagulation and fibrinolysis (Righini et al., 2008; Hansen et al., 2011). Elevated D-Dimer 

indicates abnormal fibrin degradation products indicating clot formation.
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Fibrin monomer is the product of thrombin-induced proteolysis of fibrinogen, and is 

considered to be a predictor of venous thrombosis (Tanaka et al., 2009) (Fig. 2). Both D-

dimer and fibrin monomer are fibrin-related markers, but D-dimer is a product of post-

thrombotic state of cross-linked fibrin, whereas fibrin monomer is produced by thrombin-

mediated cleavage of fibrinogen in a hyper-coagulable state (Tanaka et al., 2009). Therefore, 

D-dimer serves as a post-thrombotic marker, while fibrin monomer serves as a pre-

thrombotic marker, and their simultaneous measurements may be more predictive of venous 

thrombosis (Cosmi et al., 2008; Hansen et al., 2011).

Another biomarker associated with venous thrombosis is elevated levels of factor VIII, 

which is considered to be a risk predictor for venous thrombosis (Cosmi et al., 2008). Factor 

VIII is synthesized and released from the liver and endothelium, and it participates in the 

contact pathway of coagulation. High levels of factor VIII are considered to be the cause 

rather than a consequence of venous thrombosis (Kyrle et al., 2000). When factor VIII levels 

are considered for assessment of venous thrombosis, it is important to evaluate whether 

acute phase reactants are present, as these also induce factor VIII.

Elevated soluble P-selectin (CD62P) has been implicated as a risk factor for venous 

thrombosis (Rectenwald et al., 2005; Wakefield et al., 2008). P-selectin, a member of the 

selectin family of cell adhesion molecules, is primarily stored in the α granules of platelets 

and the Weibel-Palade bodies of endothelial cells. After activation of platelets and 

endothelial cells, P-selectin is translocated to the cell surface and in part released into the 

plasma in soluble form. P-selectin is expressed on platelets and mediates platelet-

endothelium interaction and supports fibrin formation and thrombus growth, by binding to 

its main counter-receptor, the P-selectin glycoprotein ligand-1 (Jilma et al., 2005; 

Rectenwald et al., 2005). Thus, P-selectin is considered to be another potential predictor of 

prothrombotic state.

Another biomarker is the thrombin generation assay, which is considered to be a valuable 

measure of the cumulative effects of prothrombotic tendencies, and may be a potential 

predictor of venous thrombosis. The measurement of thrombin is considered to be important 

because it is a key enzyme in the coagulation process that leads to the conversion of 

fibrinogen to fibrin, resulting in clot formation. The generation of thrombin is measured in 

plasma using fluorogenic or chromogenic substrates to detect coagulation potential.

Microparticles are small membranous vesicles released from plasma membranes of activated 

platelets and endothelial cells, and are the main carriers of tissue factor, which plays a major 

role in coagulation (Rectenwald et al., 2005). Microparticles are negatively charged 

membrane vesicles that are commonly defined by their procoagulant phosphatidylserine-rich 

surface. Drugs that increase circulating levels of microparticles are associated with increased 

incidence of procoagulant state (Patil et al., 2013). Tissue factor measurement in plasma or 

tissue factor measurement on microparticles is considered to be a predictor of prothrombotic 

state, however, assay standardization of microparticle isolation and measurement remains an 

issue.
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CD40 ligand (CD40L) concentration, which is increased following orthopedic surgery and 

device implants, causes injury to endothelial cells, upregulates tissue factor activity, 

enhances coagulability, and serves as a marker for venous thromboembolism (Ahn et al., 

2004; Kageyama et al., 2007). The release of soluble CD40L from activated platelets reacts 

with CD40 receptor on endothelial cells to induce inflammatory responses by triggering 

expression of cytokines and chemokines. A number of acute-phase proteins, such as C-

reactive protein (CRP) and inflammatory cytokines (such as interleukins 1β, 6, 8, 10, and 

tumor necrosis factor-α), are associated with an increased incidence of venous thrombosis. 

The inflammatory cytokines upregulate prothrombotic factors, such as tissue factor and 

adhesion molecules, in the endothelium to switch the balance in favor of thrombosis (Cirillo 

et al., 2005).

β-Thromboglobulin and platelet factor 4 levels are elevated in plasma of subjects with 

thromboembolic disorders, including venous thrombosis (Kageyama et al., 2007). β-

Thromboglobulin and platelet factor 4 are proteins stored in α-granules of platelets and are 

released in large amounts after platelet activation to promote blood coagulation by 

modulating the effects of heparin-like molecules.

The activated clotting time test is used to monitor anticoagulation effects, such as high-dose 

heparin procedures that require intense anticoagulant administration. Prolongation of the 

activated clotting time may indicate thrombocytopenia, platelet dysfunction, or a deficiency 

in coagulation factors, whereas shorter duration may reflect procoagulant status. However, 

measurements of clotting time can be directly affected by drugs, such as warfarin, aprotinin, 

and glycoprotein IIb/IIIa inhibitors, in addition to the physical perturbations to the body 

caused by pregnancy.

Conclusions

Experimental animals are used to evaluate the safety profile of drugs and biologics to reveal 

any adverse effects of the test substance on embryofetal development and postnatal 

development of the offspring. Data on coagulation changes in animals during pregnancy 

indicate variability in many parameters of thrombosis, and have limitations in predicting 

venous thrombosis in humans. Certain drugs can induce a prothrombotic state by a variety of 

mechanisms, including those affecting the vascular intimal surface, blood flow, and various 

blood constituents. Drugs that contribute to venous stasis or slow blood circulation may act 

in concert to increase the risk of thrombosis. The risk of developing a thrombotic state could 

be additive if such drugs are administered during pregnancy. The evaluation of drugs for 

embryofetal developmental toxicity could be enhanced by including multiple soluble 

biomarkers of venous thrombosis to assess the potential risk for drug-induced venous 

thrombosis during pregnancy. Efforts are underway to search for non-animal in vitro 
alternative methods of assessment of embryofetal toxicity as well as assays that can be used 

to predict the occurrence of venous thrombosis. Development of validated and reliable in 
vitro assays to assess the effect of pharmaceuticals on embryofetal development would 

provide an opportunity to evaluate biologically relevant and species-specific toxicity 

endpoints as well reduce the use of animals.
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FIGURE 1. 
Factors influencing venous thrombosis during pregnancy: These include venous stasis, 

prolonged immobility, hyperviscosity, and vasoconstriction. In addition, endothelial injury 

may arise from high shear stress, hypertension, circulating microparticles, inflammatory 

cells, drugs, biomaterials, or medical device implants. Hypercoagulablity may also occur 

because of alterations in blood constituents, increase in fibrinogen, PAI-1, clotting factors, 

vWF, and decrease in antithrombin III, protein C, S, and fibrinolytic activity. PAI-1, 

plasminogen activator inhibitor-1; vWF, von Willebrand factor
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FIGURE 2. 
Simplified scheme of the coagulation cascade: Extrinsic (initimal injury) and intrinsic 

(contact activation) pathways involved in the formation of crosslinked fibrin. TFPI inhibits 

factor VIIa-related activation of factor Xa. Antithrombin degrades thrombin and factor Xa. 

Protein C and its co-enzyme protein S degrade the cofactors Va and VIIIa. HMWK, high 

molecular weight kininogen; PK, prekallikrein; TFPI, tissue factor pathway inhibitor
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TABLE 1

Developmental Milestones for Major System Organs in Rodents and Humans

Humans, gestation week (GW) Rodents, gestation day (GD)

Nervous System GW 2–38a GD 6–22a

Heart GW 3–11 GD 9.5–15.5

Respiratory GW 3–38b GD 9-postnatal

Renal GW 3–35 GD 10.5-postnatal

Reproductive GW 6–38 GD ~11-termc

Sensory (eyes, ears) GW 4–38 GD 11-GD18

Limbs GW 3–8 GD 9.5–13.5

Spleen GW 2–26 GD 8-postnatal

a
Neurogenesis continues postnatally.

b
Alveolar phase of development continues postnatally.

c
Development of prostate occurs postnatally.
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TABLE 2

Placenta Morphology and Physiology in Common Animal Species

Shape Structure Yolk sac/yolk sac placenta

Rats, mice, rabbits Discoid Hemochorial
Labyrinthine

Develop inverted yolk sac placenta

Macaques Bi-discoid Hemochorial
Villous

Small yolk sac
No inverted yolk sac placenta

Humans Discoid Hemochorial
Villous

Small yolk sac
No inverted yolk sac placenta

Birth Defects Res C Embryo Today. Author manuscript; available in PMC 2017 October 05.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Struble et al. Page 21

TA
B

L
E

 3

C
ha

ng
es

 in
 C

oa
gu

la
tio

n 
C

as
ca

de
 D

ur
in

g 
Pr

eg
na

nc
y

H
um

an
s

R
at

s,
 m

ic
e

R
ab

bi
ts

R
ef

er
en

ce
s

C
oa

gu
la

tio
n

Fa
ct

or
 I

↑
↑

↑
(B

re
nn

er
, 2

00
4,

 L
oc

kw
oo

d,
 2

00
6,

 U
ra

so
ko

 e
t a

l.,
 2

00
9,

 S
ze

cs
i e

t a
l.,

 2
01

0,
 M

iz
og

uc
hi

 e
t a

l.,
 2

01
0,

 L
iu

 e
t a

l.,
 

20
12

, U
ra

so
ko

 e
t a

l.,
 2

01
2)

Fa
ct

or
 I

I
↑/

=
↑

(B
re

nn
er

, 2
00

4,
 L

oc
kw

oo
d,

 2
00

6,
 T

ch
ai

ko
vs

ki
 e

t a
l.,

 2
00

9,
 S

ze
cs

i e
t a

l.,
 2

01
0,

 L
iu

 e
t a

l.,
 2

01
2,

 U
ra

so
ko

 e
t a

l.,
 

20
12

)

Fa
ct

or
 V

↓/
=

↑
(B

re
nn

er
, 2

00
4,

 L
oc

kw
oo

d,
 2

00
6,

 T
ch

ai
ko

vs
ki

 e
t a

l.,
 2

00
9,

 S
ze

cs
i e

t a
l.,

 2
01

0,
 L

iu
 e

t a
l.,

 2
01

2)

Fa
ct

or
 X

↑/
=

↑
(B

re
nn

er
, 2

00
4,

 L
oc

kw
oo

d,
 2

00
6,

 T
ch

ai
ko

vs
ki

 e
t a

l.,
 2

00
9,

 S
ze

cs
i e

t a
l.,

 2
01

0,
 L

iu
 e

t a
l.,

 2
01

2)

A
nt

ic
oa

gu
la

tio
n

A
nt

ith
ro

m
bi

n
=

/↓
=

/↑
↑

(B
re

nn
er

, 2
00

4,
 L

oc
kw

oo
d,

 2
00

6,
 T

ch
ai

ko
vs

ki
 e

t a
l.,

 2
00

9,
 U

ra
so

ko
 e

t a
l.,

 2
00

9,
 S

ze
cs

i e
t a

l.,
 2

01
0,

 M
iz

og
uc

hi
 

et
 a

l.,
 2

01
0,

 H
an

ed
a 

et
 a

l.,
 2

01
0,

 L
iu

 e
t a

l.,
 2

01
2,

 U
ra

so
ko

 e
t a

l.,
 2

01
2)

Pr
ot

ei
n 

S
↓

↑
(B

re
nn

er
, 2

00
4,

 L
oc

kw
oo

d,
 2

00
6,

 T
ch

ai
ko

vs
ki

 e
t a

l.,
 2

00
9,

 S
ze

cs
i e

t a
l.,

 2
01

0,
 L

iu
 e

t a
l.,

 2
01

2)

T
FP

I
↓

↑
(B

re
nn

er
, 2

00
4,

 L
oc

kw
oo

d,
 2

00
6,

 T
ch

ai
ko

vs
ki

 e
t a

l.,
 2

00
9,

 S
ze

cs
i e

t a
l.,

 2
01

0,
 L

iu
 e

t a
l.,

 2
01

2)

C
om

m
on

 c
oa

gu
la

tio
n 

as
sa

ys
PT

=
/↓

↓
↓

(B
re

nn
er

, 2
00

4,
 L

oc
kw

oo
d,

 2
00

6,
 U

ra
so

ko
 e

t a
l.,

 2
00

9,
 S

ze
cs

i e
t a

l.,
 2

01
0,

 M
iz

og
uc

hi
 e

t a
l.,

 2
01

0,
 L

iu
 e

t a
l.,

 
20

12
, U

ra
so

ko
 e

t a
l.,

 2
01

2)

A
PC

 r
es

is
ta

nc
e

↑
↓

(B
re

nn
er

, 2
00

4,
 L

oc
kw

oo
d,

 2
00

6,
 T

ch
ai

ko
vs

ki
 e

t a
l.,

 2
00

9,
 S

ze
cs

i e
t a

l.,
 2

01
0,

 L
iu

 e
t a

l.,
 2

01
2)

A
bb

re
vi

at
io

ns
: A

PC
, a

ct
iv

at
ed

 p
ro

te
in

 C
; P

T,
 p

ro
th

ro
m

bi
n 

tim
e;

 T
FP

I,
 ti

ss
ue

 f
ac

to
r 

pa
th

w
ay

 in
hi

bi
to

r.

↑,
 in

cr
ea

se
; ↓

, d
ec

re
as

e;
 =

no
 c

ha
ng

e 
in

 th
e 

co
ag

ul
at

io
n 

pa
ra

m
et

er
s 

du
ri

ng
 p

re
gn

an
cy

.

Birth Defects Res C Embryo Today. Author manuscript; available in PMC 2017 October 05.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Struble et al. Page 22

TABLE 4

Potential Soluble Biomarkers of Venous Thrombosis

Biomarker Source Role

D-dimer Fibrin degradation product formed after blood 
clot fibrinolysis

Reflects global activation of blood coagulation state

Fibrin monomer Thrombin-mediated breakdown product of 
fibrinogen

Involved in intrinsic and extrinsic coagulation pathway

Factor VIII Glycoprotein cofactor released by leukocytes, 
endothelial cells

Essential in intrinsic coagulation pathway, activates factor 
IXa

P-selectin (CD62P) Glycoprotein secreted by activated endothelial 
cells, platelets

Cell adhesion molecule, interacts with PSGL-1 to mediate 
binding of platelets and endothelial cells with leukocytes

Thrombin Breakdown product of prothrombin mediated by 
prothrombinase

Activates platelets, coagulation factors V and VII, and 
converts fibrinogen to fibrin

Microparticles Released by platelets, endothelial cells Carriers of tissue factor, participate in coagulation, 
inflammation

CD40 ligand Glycoprotein secreted by leukocytes, platelets Endothelial cell activation, up-regulation of tissue factor 
activity

β-thromboglobulin, 
Platelet factor 4

Secreted from activated platelet α-granules Neutralization of heparin-like molecules, platelet activation

Abbreviations: PSGL-1, P-selectin glycoprotein ligand-1.
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