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Abstract 

Warfarin is a coumarin-derived oral anticoagulant widely used for the prevention and 

treatment of thromboembolic disorders, particularly in patients with mechanical heart 

valves. The drug exerts its anticoagulant effect by inhibiting vitamin K epoxide reductase, 

thereby impairing γ-carboxylation of vitamin K-dependent coagulation factors. Despite 

its clinical efficacy, warfarin therapy is associated with a narrow therapeutic index, sub-

stantial interindividual variability in dose response, numerous drug interactions, and sig-

nificant hemorrhagic risk. Maternal warfarin therapy during pregnancy is strongly asso-

ciated with fetal warfarin syndrome (FWS), a characteristic pattern of embryopathy re-

sulting from in utero exposure to the drug. This review summarizes current knowledge 

regarding the physicochemical properties, pharmacological mechanisms, dose variability, 

toxicity, and developmental effects associated with warfarin exposure. Evidence from hu-

man clinical studies and vertebrate animal models is discussed to elucidate conserved de-

velopmental and molecular mechanisms underlying warfarin teratogenicity. The review 

also examines the signaling pathways disrupted by warfarin exposure, highlighting that 

its teratogenic effects extend beyond anticoagulation to the disruption of vitamin K-de-

pendent developmental signaling. Inhibition of γ-glutamyl carboxylation, together with 

alterations in Gas6/TAM, PXR, Ras, and Wnt/β-catenin signaling pathways, impairs skel-

etal, vascular, and neural development, contributing to the characteristic abnormalities of 

fetal warfarin syndrome. Collectively, this review integrates clinical, molecular, and ex-

perimental findings to provide a comprehensive understanding of warfarin-induced de-

velopmental toxicity. Current knowledge is insufficient to fully elucidate the complex 

mechanisms underlying warfarin-induced embryopathy and fetal toxicity. Further inves-

tigations are warranted to identify safer anticoagulant regimens during pregnancy and to 

inform the development of novel therapeutic strategies that minimize fetal risk while 

maintaining maternal anticoagulation. 

Keywords: warfarin; developmental toxicity; embryogenesis; warfarin fetal syndrome; 

warfarin signaling; teratogenicity 

 

1. Introduction 

Warfarin is a synthetic 4-hydroxycoumarin derivative belonging to the coumarin 

class of anticoagulants and is widely used for the prevention and treatment of thrombo-

embolic disorders. Chemically, warfarin (C19H16O4; molecular weight 308.33 g/mol) is 
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administered clinically as a racemic mixture of R- and S-enantiomers, with the S-enantio-

mer exhibiting approximately 3–5 times greater anticoagulant potency than the R-enanti-

omer due to differences in hepatic metabolism and affinity for vitamin K epoxide reduc-

tase (VKOR) (Figure 1) [1]. Owing to its poor aqueous solubility, warfarin is commonly 

formulated as the more water-soluble sodium salt to improve oral bioavailability. 

 

Figure 1. Structure of S-Warfarin. An anticoagulant drug, (S)-warfarin sodium is an organic sodium 

salt having 2-oxo-3-[(1S)-3-oxo-1-phenylbutyl]-2H-1-benzopyran-4-olate. It is an enantiomer of (R)-

warfarin. Reference: PubChem CID 54688261. 

Warfarin is a weak acid (pKa 5.0–5.2) and is extensively bound to plasma albumin 

(>99%), with hepatic metabolism occurring primarily through cytochrome P450 enzymes, 

particularly CYP2C9 for S-warfarin [1]. These pharmacokinetic characteristics (Table 1) 

influence systemic drug exposure, maternal clearance, and fetal exposure during preg-

nancy. Pharmacological properties of selected warfarin analogs reported in experimental 

studies are seen in Table S1. Importantly, despite its high plasma protein binding, warfa-

rin readily crosses the placenta, exposing the developing embryo and fetus to pharmaco-

logically active concentrations, which underlies its well-established teratogenic potential. 

Table 1. Physicochemical and pharmacological properties of Warfarin relevant to developmental 

exposure. 

Property Description/Value Relevance to Developmental Toxicity 

Chemical 

class 

Synthetic 4-hydroxycou-

marin derivative 

Vitamin K antagonist responsible for anti-

coagulant and teratogenic effects [1–3]. 

Molecular 

formula 
C19H16O4 Chemical identity [1]. 

Molecular 

weight 
308.33 g/mol 

Standard physicochemical characteristic 

[1]. 

Solubility 

Poorly soluble in water; 

clinically formulated as 

the more water-soluble 

sodium salt 

Influences oral absorption and systemic 

drug exposure [1]. 

pKa 5.0–5.2 
Influences ionization, absorption, and pla-

cental transfer [1]. 

Plasma pro-

tein binding 
>99% bound to albumin 

Determines free circulating drug concen-

tration and maternal pharmacokinetics [1]. 
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Enantiomeric 

composition 

Racemic mixture of R- 

and S-warfarin; S-warfa-

rin is 3–5 times more po-

tent. 

Influences anticoagulant potency and 

pharmacokinetics [2]. 

Major metab-

olism 

Hepatic metabolism pri-

marily by CYP2C9 (S-

warfarin); CYP1A2 and 

CYP3A4 (R-warfarin). 

Maternal metabolism influences fetal drug 

exposure [2]. 

Placental 

transfer 

Readily crosses the pla-

centa 

Directly exposes the embryo and fetus to 

warfarin during pregnancy [3]. 

Mechanism 

of action 

Inhibits vitamin K epox-

ide reductase (VKOR), 

preventing regeneration 

of vitamin K hydroqui-

none. 

Impairs γ-carboxylation of vitamin K-de-

pendent proteins essential for coagulation 

and skeletal development, forming the ba-

sis of fetal warfarin syndrome [3]. 

Abbreviations: CYP, cytochrome P450; pKa, acid dissociation constant; VKOR, vitamin K epoxide 

reductase. 

Warfarin and related coumarin anticoagulants, including phenprocoumon and 

acenocoumarol, share a common 4-hydroxycoumarin scaffold and exert their anticoagu-

lant activity by inhibiting the vitamin K cycle. Specifically, they inhibit vitamin K epoxide 

reductase (VKOR), preventing regeneration of vitamin K hydroquinone, the essential co-

factor required for γ-glutamyl carboxylation and activation of vitamin K-dependent pro-

teins involved in coagulation and skeletal development [2,3]. These pharmacological 

properties form the mechanistic basis for the developmental abnormalities associated 

with fetal warfarin exposure. 

The anticoagulant properties of warfarin were first recognized following investiga-

tions into fatal hemorrhagic disease in cattle that consumed spoiled sweet clover in the 

early twentieth century [3]. After its commercial introduction as a rodenticide in 1948, 

warfarin was subsequently adapted for clinical use in the 1950s and gained widespread 

medical acceptance following its administration to President Dwight Eisenhower after his 

1955 myocardial infarction [4]. Since then, warfarin has remained a cornerstone therapy 

for the prevention and management of thromboembolic disorders, including deep vein 

thrombosis (DVT), pulmonary embolism, and cardioembolic stroke [5]. Although several 

direct oral anticoagulants have emerged as alternatives to warfarin, specific clinical sce-

narios, particularly anticoagulation in patients with mechanical heart valves, continue to 

require warfarin due to the limited efficacy or safety of current alternatives [6]. 

Despite its therapeutic importance, warfarin is a well-established teratogen associ-

ated with dose-dependent embryofetal toxicity and a spectrum of developmental abnor-

malities collectively termed warfarin embryopathy [7]. Warfarin readily crosses the pla-

centa and can enter the fetal circulation, thereby exposing the developing fetus to its phar-

macological and teratogenic effects. Consequently, anticoagulation management during 

pregnancy presents a significant clinical challenge in balancing maternal thromboembolic 

risk against fetal developmental toxicity. Here, we aim to combine all information on the 

properties, mechanism of action, and signaling mechanisms underlying warfarin toxicity, 

as well as its teratogenic effects during development. 

Literature Search and Study Selection 

The search for original articles was performed using databases, including Scopus, 

PubMed, Google Scholar, and ScienceDirect, with MeSH terms such as warfarin, anticoag-

ulant therapy, warfarin embryopathy, fetal warfarin syndrome, warfarin teratogenicity, and effects 
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of warfarin during development. The final comprehensive database search was completed on 

14 July 2026, and additional relevant publications identified during manuscript revision 

were evaluated individually and incorporated where appropriate prior to final submis-

sion. Database-specific search strategies were adapted to the requirements of each data-

base. Representative database-specific search strings included Google Scholar queries 

such as “Warfarin Teratogenesis,” “Vitamin K uptake,” “Vitamin K metabolism,” and 

“Warfarin zebrafish.” Equivalent Boolean combinations of these keywords were adapted 

for PubMed, Scopus, and ScienceDirect according to each database’s search syntax. 

Web sources such as the National Institutes of Health (NIH), the World Health Or-

ganization (WHO), and NCBI-PubChem were also referred to obtain information on war-

farin. To ensure a comprehensive literature search, AI-assisted tools including Litmaps 

(2024), ChatGPT (GTP 5.5) and Gemini (version 3) were used to identify relevant infor-

mation and sources that may not have been captured through conventional databases, 

including some of the research publications, selected webpages like National Center for 

Biotechnology Information (Pubchem) and fda.gov (FDA drug sheet). All information 

identified through AI tools was independently verified against original, authoritative 

sources before being incorporated into the manuscript. The AI tools were used solely to 

support literature discovery and learning and were not used to generate or write the man-

uscript. 

Peer-reviewed studies published in English, including original research studies, clin-

ical trials, reviews, and case reports, were considered for inclusion. Relevant studies were 

selected through title, abstract, and full-text screening, and additional references were 

identified from the bibliographies of selected articles. The overall reference list (n = 110) 

was assembled through this structured search process to provide comprehensive cover-

age of warfarin pharmacology, molecular mechanisms, developmental biology, experi-

mental animal models, clinical applications, teratogenicity, and alternative anticoagulant 

therapies. In contrast, the formal screening process described below was applied specifi-

cally to published clinical case reports included in the phenotype analysis. 

This review was conducted as a narrative literature review with a structured search 

strategy rather than a formal systematic or scoping review. The literature search included 

publications from 1970 to 2026, with the final search completed prior to manuscript prep-

aration. A total of 28 case studies addressing the developmental effects of warfarin expo-

sure were identified and screened for relevance. Of these, 25 studies met the inclusion 

criteria, while 3 studies were excluded. Studies were eligible for inclusion if they reported 

teratogenic or developmental effects specifically associated with documented maternal 

warfarin exposure, including information on warfarin administration and, where availa-

ble, dosage. Studies describing vitamin K deficiency phenotypes without confirmed war-

farin exposure, as well as those investigating only other coumarin anticoagulants (e.g., 

phenprocoumon or acenocoumarol), were excluded from the primary analysis. 

Duplicate bibliographic records retrieved from multiple databases were identified by 

comparing article title, authors, publication year, and journal information and were re-

moved prior to full-text evaluation. Because the objective of this review was to summarize 

and discuss the reported spectrum of developmental abnormalities rather than perform a 

quantitative synthesis or estimate phenotype prevalence, duplicate clinical case reports 

describing the same patient(s) were not formally assessed, and the phenotype summary 

table is intended as a descriptive catalogue of reported abnormalities and their original 

literature sources rather than a pooled dataset. 

The references included in this review span publications from 1970 to 2026 (n = 110 

references), with a median publication year of 2008, reflecting both the historical develop-

ment of the field and recent advances in understanding the molecular mechanisms under-

lying warfarin teratogenicity (Table 2). This manuscript is a narrative review and does not 
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follow a formal systematic review protocol. The retrieved literature was thus critically 

evaluated and synthesized to provide a comprehensive overview of warfarin pharmacol-

ogy, clinical applications, adverse effects, teratogenicity, and alternative anticoagulant 

therapies. 

Table 2. Distribution of References Included in This Review by Publication Period. 

Years # of Refs % of Total Refs 

1970–1979 4 3.64 

1980–1989 8 7.28 

1990–1999 20 18.19 

2000–2009 31 28.19 

2010–2019 36 32.73 

2020–2026 11 10 

Total 110 100 

2. Pharmacological Mechanism of Warfarin 

Warfarin exerts its anticoagulant effect by inhibiting the vitamin K cycle, thereby pre-

venting the post-translational activation of vitamin K-dependent proteins (VKDPs). Vita-

min K exists as phylloquinone (vitamin K1) and menaquinones (vitamin K2). Dietary vita-

min K1 is absorbed in the proximal small intestine through transporters including scaven-

ger receptor class B type 1 (SR-BI), cluster of differentiation 36 (CD36), and Niemann–Pick 

C1-like 1 (NPC1L1) [8]. A portion is converted to menaquinone-4 by UBIAD1 in periph-

eral tissues, where it functions in both γ-carboxylation and cellular signaling [8,9]. 

Vitamin K hydroquinone serves as an essential cofactor for γ-glutamyl carboxylase 

(GGCX), which catalyzes γ-carboxylation of VKDPs to produce biologically active pro-

teins [10]. During this process, vitamin K is oxidized to vitamin K epoxide and subse-

quently recycled by vitamin K epoxide reductase (VKOR). Warfarin competitively inhibits 

VKOR, depleting active vitamin K and impairing γ-carboxylation of VKDPs. As a result, 

activation of coagulation factors II, VII, IX, and X, together with proteins C and S, is re-

duced. In addition to coagulation, VKDPs are involved in bone mineralization, skeletal 

development, and cellular signaling [11]. 

Warfarin is rapidly absorbed after oral administration, reaching peak plasma concen-

trations within 0.3–4 h [3]. More than 99% is bound to plasma albumin, while hepatic up-

take may involve organic anion transporter 2 (OAT2) and breast cancer resistance protein 

(BCRP) [12,13]. Following distribution, warfarin accumulates primarily in hepatic and re-

nal tissues [14]. The drug is administered as a racemic mixture of R- and S-warfarin, with 

the S-enantiomer exhibiting greater anticoagulant potency. Hepatic metabolism is stere-

oselective, with CYP2C9 primarily metabolizing S-warfarin to hydroxywarfarin metabo-

lites, whereas R-warfarin is metabolized more slowly by other cytochrome P450 enzymes 

[3]. Metabolites are excreted mainly in urine, and S-warfarin is eliminated approximately 

twice as rapidly as R-warfarin. Variants in CYP2C9, VKORC1, and CYP4F2 contribute 

significantly to interindividual differences in warfarin metabolism, sensitivity, and dose 

requirements [5,15,16]. 

Warfarin binds reversibly within the VKOR active site through hydrophobic and ar-

omatic interactions, with residues Y139, Y25, and A26 playing critical roles in ligand bind-

ing [17]. Mutations in these residues reduce warfarin affinity and confer resistance [17,18]. 

Inhibition of VKOR disrupts vitamin K recycling and VKDP activation, providing the mo-

lecular basis for both the therapeutic anticoagulant action of warfarin and the develop-

mental defects associated with fetal warfarin syndrome. 
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3. Warfarin Dose Variability, Toxicity, and Clinical Complications 

Warfarin therapy requires meticulous dose individualization owing to its narrow 

therapeutic index, marked interindividual variability, and complex pharmacokinetic and 

pharmacodynamic profile. Therapeutic dosing is influenced by numerous clinical varia-

bles, including age, body mass, hepatic function, dietary vitamin K intake, comorbidities, 

and concomitant pharmacotherapy. Warfarin is administered as a racemic mixture com-

prising the pharmacologically distinct S- and R-enantiomers, which exhibit elimination 

half-lives of approximately 32 h and 43 h, respectively [3]. Owing to considerable varia-

bility in anticoagulant response, therapeutic monitoring is achieved through serial assess-

ment of the prothrombin time, a blood test that measures how long it takes blood to clot 

through the extrinsic and common coagulation pathways and is standardized as the in-

ternational normalized ratio (INR), which remains the cornerstone of dose titration and 

anticoagulation management. 

Genetic determinants contribute substantially to variability in warfarin sensitivity 

and maintenance dose requirements. Polymorphisms in CYP2C9, the principal enzyme 

responsible for oxidative metabolism of S-warfarin, reduce metabolic clearance and pro-

long systemic exposure to the active enantiomer. In particular, the CYP2C9*3 allele has 

consistently been associated with lower maintenance dose requirements, delayed attain-

ment of stable anticoagulation, and an increased risk of over-anticoagulation during treat-

ment initiation [15]. Variants in VKORC1, which encodes vitamin K epoxide reductase 

complex subunit 1, exert additional pharmacodynamic effects by altering sensitivity to 

VKOR inhibition, thereby representing a major determinant of dose variability across 

populations [16]. Polymorphisms in CYP4F2, which participate in vitamin K oxidation, 

have also been implicated in modulating dose requirements, although their contribution 

appears to be comparatively modest [5]. Consequently, incorporation of pharmacogenetic 

data into dosing algorithms has emerged as an important strategy for optimizing antico-

agulation therapy and minimizing adverse outcomes. 

Hemorrhage remains the most clinically significant adverse effect associated with 

warfarin therapy and represents the principal limitation to its long-term use [19,20]. Bleed-

ing complications may range from minor mucocutaneous manifestations to severe or fatal 

hemorrhage involving the gastrointestinal tract, intracranial compartment, or other major 

organ systems [21]. The risk of hemorrhage is influenced by excessive anticoagulation, 

advanced age, interacting medications, hepatic dysfunction, and comorbid disease states 

[3]. In addition to bleeding complications, warfarin therapy has been associated with sys-

temic atheroembolism and cholesterol microembolization syndromes. 

A broad spectrum of non-hemorrhagic adverse effects has also been described. Im-

munologic and hypersensitivity manifestations include allergic reactions and vasculitic 

phenomena, while hepatobiliary complications encompass hepatitis and elevations in he-

patic transaminases [22]. Gastrointestinal adverse effects may include nausea, vomiting, 

diarrhea, abdominal pain, bloating, flatulence, and dysgeusia. Dermatologic complica-

tions, such as rash, dermatitis, pruritus, and alopecia, have also been reported. Less fre-

quently, respiratory complications, including tracheal and tracheobronchial calcification, 

may occur, together with generalized constitutional symptoms such as chills [22]. Among 

the most severe non-hemorrhagic complications is warfarin-induced skin necrosis, a rare 

but potentially life-threatening condition associated with substantial morbidity and mor-

tality [23,24]. This complication most commonly develops in the initial days of therapy 

and is believed to arise from a transient hypercoagulable state secondary to the rapid de-

pletion of the endogenous anticoagulant proteins C and S relative to procoagulant factors. 

Clinically, affected patients initially develop painful erythematous lesions that may rap-

idly progress to purpura, hemorrhagic bullae, and full-thickness cutaneous necrosis, par-

ticularly within adipose-rich anatomical regions such as the breasts, thighs, buttocks, and 
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abdomen. Early recognition and prompt discontinuation of warfarin are critical to limit-

ing tissue destruction and improving clinical outcomes. 

4. Phenotypic Spectrum of Fetal Warfarin Syndrome in Humans 

Warfarin exposure during pregnancy is associated with significant embryotoxic and 

fetotoxic risk. The severity of fetal complications demonstrates a dose-dependent relation-

ship, with higher maternal doses correlating with increased incidence of spontaneous 

abortion, stillbirth, and warfarin embryopathy [19]. Maternal doses exceeding 5 mg/day 

were associated with substantially greater risk of adverse fetal outcomes. The teratogenic 

effects of warfarin are primarily attributed to disruption of vitamin K-dependent γ-car-

boxylation pathways essential for normal skeletal and connective tissue development dur-

ing embryogenesis. 

Warfarin remains one of the few anticoagulants considered effective for preventing 

thromboembolism in pregnant patients with mechanical heart valves, despite its well-es-

tablished teratogenic potential [19,25]. Maternal warfarin dosage may influence the likeli-

hood of adverse fetal outcomes. Pregnant patients receiving warfarin doses greater than 

5 mg daily have demonstrated increased rates of fetal complications, including spontane-

ous abortion, compared with patients maintained on doses of 5 mg daily or less. Most 

documented cases of warfarin embryopathy involve maternal doses between 5 and 7.5 

mg daily, although many do not specify a dosage. Importantly, the most common abnor-

malities—including nasal hypoplasia, saddle nose deformity, epiphyseal stippling, and 

distal phalangeal hypoplasia—have been reported following both low- and high-dose 

warfarin exposure. Fetal exposure to warfarin during pregnancy can result in a spectrum 

of congenital abnormalities collectively referred to as warfarin embryopathy (WE) or fetal 

warfarin syndrome (FWS) [26–28]. The resulting phenotypes are highly variable and de-

pend on the timing, duration, and dosage of exposure during gestation. The risk of classic 

warfarin embryopathy is greatest when exposure occurs during the first trimester, partic-

ularly between the sixth and ninth weeks of gestation, when organogenesis and cartilage 

development are highly active [26,29,30]. However, adverse fetal outcomes may also oc-

cur following second- and third-trimester exposure, resulting in severe neurological in-

jury, growth restriction, and fetal loss, indicating that teratogenicity is not restricted to 

early gestation. 

Warfarin embryopathy demonstrates considerable phenotypic variability and can af-

fect the craniofacial, musculoskeletal, cardiopulmonary, and central nervous systems. The 

most characteristic feature is nasal hypoplasia, typically presenting with a depressed nasal 

bridge, a short upturned nose, and underdevelopment of the nasal cartilage (Figure 2A) 

[19,26,29–42]. Additional nasal abnormalities commonly reported alongside nasal hypo-

plasia include a flattened or absent nasal bridge, deep ala nasi grooves, anteverted nostrils, 

nasal stenosis, absent nasal bones, choanal atresia, and respiratory complications second-

ary to laryngomalacia or tracheomalacia [29,31,35,43]. Other craniofacial findings include 

micrognathia, cleft lip or palate, frontal bossing, hypertelorism, and facial asymmetry 

[31,32,43]. Some infants also present with choanal stenosis or airway abnormalities, in-

cluding laryngomalacia and tracheomalacia, which may contribute to neonatal respira-

tory distress (Tables 3 and S2). 

Another hallmark of warfarin embryopathy is epiphyseal stippling, also known as 

chondrodysplasia punctata, which results from abnormal calcification in developing car-

tilage. Epiphyseal stippling may affect multiple skeletal regions, including the ankles, 

hips, tarsals, patellae, phalanges, talus, and most frequently within the humerus, vertebral 

column, femur, and calcaneus (Figure 2B,C) [26,27,30–32,34–36,38,39,41–44]. Infants with 

nasal hypoplasia frequently demonstrate concomitant epiphyseal stippling, reflecting the 

high prevalence of these two defining phenotypes within fetal warfarin syndrome [29–
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32,35,36,38]. Although stippling may diminish with age, affected individuals frequently 

exhibit persistent orthopedic abnormalities, including limb shortening, scoliosis, joint de-

formities, and abnormal gait. 

 

Figure 2. Photographic (A) and radiographic (B,C) representation of Warfarin Embryopathy. (A) 

Preterm newborn at 33 weeks of pregnancy delivered a male fetus with nasal hypoplasia character-

ized by a depressed nasal bridge and flat upturned nose (taken from Gupta et al., 2010) [43]. (B,C) 

Aborted fetus following termination of pregnancy at 23 2/7 weeks’ gestation, showing bilateral cal-

cific stippling of the proximal femoral epiphyses (B, arrows), the iliac wings, and the tarsal bones 

(C, arrows) (taken from Chan et al., 2003) [31]. 

Table 3. Craniofacial Phenotypes Reported Following Prenatal Warfarin Exposure in Humans. 

Phenotype Cate-

gory 

Representative Clinical 

Findings 

Representative 

Maternal Expo-

sure 

Typical Gesta-

tional Exposure 

Evidence 

Strength 

Representative Ref-

erences 

Nasal hypoplasia 

and facial hypo-

plasia 

Nasal, maxillary, man-

dibular, and midfacial 

hypoplasia; short/small 

nose; flattened face 

Therapeutic 

doses (3–12.5 

mg/day), most 

commonly 5–10 

mg/day 

Most frequently as-

sociated with first-

trimester exposure 

(weeks 6–12), alt-

hough continued 

exposure through-

out pregnancy has 

also been reported 

Multiple case 

reports and 

case series 

[19,27,29–32,34–

43,45,46] 

Nasal structural ab-

normalities 

Saddle nose, absent na-

sal bones, nasal stenosis, 

deep ala nasi groove, an-

teverted nostrils, cho-

anal atresia 

3–10 mg/day 

First-trimester ex-

posure or contin-

ued exposure dur-

ing pregnancy 

Multiple case 

reports 

[19,27,29,31,35,36,38–

44,47] 

Oral and airway 

abnormalities 

Microstomia, laryngo-

malacia with tracheoma-

lacia 

Mainly therapeu-

tic doses (~5 

mg/day) 

Throughout preg-

nancy or pro-

longed exposure 

Isolated case 

reports 
[31,36,42] 

Orbital and cranial 

abnormalities 

Hypertelorism, macro-

cephaly, occipital flat-

tening 

5–10 mg/day 
Throughout preg-

nancy 
Case reports [29,35,41,44,45] 

Auricular abnor-

malities 

Auricular fold hypo-

plasia, pinnae hypo-

plasia 

Not consistently 

reported 

Not consistently re-

ported 

Isolated case 

reports 
[31] 

Note: Representative exposure ranges are summarized from published reports; individual doses 

varied among patients. 

Skeletal abnormalities beyond epiphyseal stippling are also frequently observed. Dis-

tal phalangeal hypoplasia, limb shortening, and generalized growth restriction have been 
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repeatedly documented in affected infants. Although these findings occur less consist-

ently than nasal hypoplasia or stippled epiphyses, they remain important diagnostic in-

dicators of prenatal warfarin exposure. Hypoplastic distal phalanges, brachydactyly, 

shortened extremities, and nail abnormalities have also been described in infants with 

FWS. Additional musculoskeletal findings include vertebral anomalies, pectus deformi-

ties, hip dysplasia, and delayed skeletal maturation. In severe cases, generalized growth 

restriction and low birth weight may accompany these structural abnormalities, suggest-

ing broader disruption of fetal growth and connective tissue development (Tables 4 and 

S3) [19,26,27,29,30,32,35,36,39,45,46]. 

Table 4. Skeletal and Musculoskeletal Abnormalities Reported Following Prenatal Warfarin Expo-

sure in Humans. 

Phenotype Cate-

gory 

Representative 

Clinical Find-

ings 

Representative 

Maternal Ex-

posure 

Typical 

Gestational 

Exposure 

Evidence 

Strength 

Representative 

References 

Chondrodysplasia 

punctata (hall-

mark lesion) 

Epiphyseal 

stippling in-

volving verte-

bral, femoral, 

humeral, talar, 

tarsal, carpal, 

calcaneal, pa-

tellar, phalan-

geal, and pelvic 

epiphyses 

3–12.5 mg/day 

Primarily 

first-tri-

mester ex-

posure 

(weeks 6–

12), alt-

hough pro-

longed ex-

posure has 

also been re-

ported 

Multiple 

case re-

ports and 

case se-

ries 

[27,29,30,32,34–

36,38,39,41–

43,47] 

Digital abnormali-

ties 

Distal phalan-

geal hypoplasia 
5–12.5 mg/day 

Early gesta-

tion 

Multiple 

case re-

ports 

[26,27,30,32,36,

45] 

Axial skeletal ab-

normalities 

Cervical verte-

bral hypo-

plasia, kypho-

sis, short neck 

5–11 mg/day 

Throughout 

pregnancy 

or pro-

longed ex-

posure 

Case re-

ports 
[30,36,37,41] 

Thoracic abnor-

malities 

Pectus carina-

tum, pectus ex-

cavatum 

Therapeutic 

doses 
Variable 

Case re-

ports 
[29,36,40] 

Neuromuscular 

abnormalities 

Depressed 

muscle tone 
5–11 mg/day Variable 

Case re-

ports 
[29,30,33] 

Warfarin exposure also causes cardiovascular (Tables 5 and S4) and ophthalmologic 

(Tables 6 and S5) abnormalities during development. Although less consistently observed 

than skeletal and craniofacial findings, congenital heart defects including septal defects 

and outflow tract abnormalities have occasionally been reported following prenatal war-

farin exposure [37,42]. Ocular phenotypes such as microphthalmia, optic nerve abnormal-

ities, cataracts, and visual impairment have also been reported [26,37]. Further, in a few 

cases, hearing disability and genitourinary abnormalities have been documented [27,47]. 
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Table 5. Cardiorespiratory Phenotypes Associated with Prenatal Warfarin Exposure. 

Phenotype 

Category 

Representative 

Clinical Findings 

Representative Maternal 

Exposure 

Typical Gesta-

tional Exposure 
Evidence Strength 

Representative 

References 

Congenital 

cardiac de-

fects 

ASD, VSD, PDA, 

aortic arch coarcta-

tion 

5–6 mg/day (representa-

tive therapeutic range) 

Most often reported 

following first-tri-

mester exposure, 

with continued 

therapy in some 

cases 

Predominantly 

case reports 
[19,31,36,48,49] 

Hematologic 

and circula-

tory findings 

Anemia, preduc-

tal/postductal hy-

potension 

5–6 mg/day Variable Case reports [36,48] 

Respiratory 

abnormalities 

Respiratory dis-

tress 
5–11 mg/day 

Variable; reported 

after early or con-

tinued exposure 

Multiple case re-

ports 
[29,30,38,41,43] 

Neurological abnormalities associated with prenatal warfarin exposure are often the 

most clinically significant outcomes compared to the classic skeletal and craniofacial man-

ifestations of warfarin embryopathy because of their potential to cause lifelong disability 

[26,47,50]. CNS anomalies are more likely to develop following exposure during the sec-

ond and third trimesters of pregnancy that result from fetal hemorrhage, subsequent scar-

ring, and secondary impairment of normal brain development (Tables 7 and S6) [26,51]. 

Reported CNS findings include intracranial hemorrhage, cerebral cysts, ischemic lesions, 

hydrocephalus, calcified brain regions, and ventriculomegaly [26,30,31,42,47,48,50–52]. 

Hydrocephalus, agenesis of the corpus callosum, cerebral hypoplasia, cortical atrophy, 

seizures, and intellectual disability have also been documented in multiple reports [31–

33,35,37,46,47,50,51]. Collectively, these findings demonstrate that fetal warfarin exposure 

results in a broad and variable constellation of developmental abnormalities. While crani-

ofacial and skeletal defects are the most recognizable manifestations of warfarin embryo-

pathy, CNS involvement contributes substantially to long-term morbidity and develop-

mental impairments, including speech, motor coordination, and learning. The diversity 

and severity of these phenotypes emphasize the importance of careful anticoagulant man-

agement during pregnancy and continued investigation into safer therapeutic alternatives 

for patients requiring long-term anticoagulation. 

Table 6. Ophthalmologic Phenotypes Associated with Prenatal Warfarin Exposure. 

Phenotype Cate-

gory 

Representative Clinical 

Findings 

Representative Ma-

ternal Exposure 

Typical Gestational 

Exposure 

Evidence 

Strength 

Representative 

References 

Optic nerve abnor-

malities 
Optic atrophy ~5 mg/day 

Throughout preg-

nancy 
Case reports [26,29] 

Anterior segment 

abnormalities 

Corneal opacity, shallow 

anterior chamber, cataract 
5–12.5 mg/day 

Early or prolonged 

exposure 
Case reports [32,41] 

Visual impairment Blindness 
Not consistently re-

ported 

Not consistently re-

ported 

Isolated case 

reports 
[26,33] 
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Table 7. Neurodevelopmental and Central Nervous System Phenotypes Associated with Prenatal 

Warfarin Exposure. 

Phenotype 

Category 

Representative Clinical 

Findings 

Representative Ma-

ternal Exposure 

Typical Gestational 

Exposure 

Evidence 

Strength 

Representative Ref-

erences 

Brain struc-

tural abnor-

malities 

Hydrocephalus, ventricu-

lomegaly, Dandy-Walker 

malformation, arach-

noid/porencephalic cysts 

Variable 

Frequently associ-

ated with prolonged 

exposure beyond 

the first trimester 

Multiple 

case reports 

[26,31,35,42,47,48,50,5

1] 

Hemorrhagic 

and ischemic 

lesions 

Intracranial hemorrhage, 

subdural hematoma, basal 

ganglia calcification/ische-

mia 

3.75–7.5 mg/day (re-

ported cases) 

Predominantly sec-

ond and third tri-

mester exposure 

Case re-

ports 
[30,47,48,50–52] 

Neurological 

dysfunction 

Microcephaly, seizures, 

quadriplegia, language 

delay, intellectual disabil-

ity, poor suck, reduced re-

flexes 

Variable Variable 

Case re-

ports and 

small case 

series 

[29,30,32,33,37,46,51] 

Prenatal warfarin exposure has also been associated with a range of additional ab-

normalities beyond the classic manifestations of fetal warfarin syndrome, including im-

paired fetal growth, hearing deficits, developmental delay, nail hypoplasia, and coagula-

tion disturbances (Tables 8 and S7). These findings suggest that warfarin embryopathy 

may affect multiple organ systems and developmental processes. 

FWS is a complex teratogenic disorder with substantial phenotypic variability. Alt-

hough typical phenotypes presented include nasal hypoplasia and epiphyseal stippling, 

warfarin exposure has been associated with a broader range of craniofacial, skeletal, neu-

rological, cardiovascular, and respiratory abnormalities. Understanding the pathogenic 

basis of warfarin-induced embryopathy may aid in improving prenatal risk assessment 

and the development of safer anticoagulant therapies. 

Table 8. Additional Developmental and Systemic Abnormalities Reported Following Prenatal War-

farin Exposure in Humans. 

Phenotype 

Category 

Representative Clin-

ical Findings 

Representative Ma-

ternal Exposure 

Typical Gesta-

tional Exposure 

Evidence 

Strength 

Representative 

References 

Pregnancy out-

comes 

Polyhydramnios, fe-

tal growth re-

striction, low birth 

weight, fetal macera-

tion 

3–10 mg/day Variable 

Case re-

ports and 

case series 

[19,29,31,35,36,39,

44–46] 

Sensory abnor-

malities 

Hearing loss, deaf-

ness 

Not consistently re-

ported 

Not consistently 

reported 

Case re-

ports 
[26,27,32,37] 

Other develop-

mental findings 

Hypoplastic nails, 

delayed develop-

mental milestones, 

prolonged pro-

thrombin time 

Variable Variable 
Case re-

ports 
[27,36,37,42] 

Strengths and Limitations of the Clinical Evidence 

As described above, warfarin embryopathy is one of the well-diagnosed drug-in-

duced teratogenic syndromes, but the available clinical evidence is mostly based on 

https://doi.org/10.3390/jdb14030034


J. Dev. Biol. 2026, 14, 34 12 of 32 
 

https://doi.org/10.3390/jdb14030034 

observational studies from pregnancy series, and individual case reports. In this section, 

the certainty of the evidence is evaluated across the reported manifestations to interpret 

the full phenotypic spectrum. 

The evidence supporting a dose-dependent relationship is less robust as the fre-

quently cited 5 mg/day threshold is based primarily on the study by Vitale et al. (1999) 

[19] of pregnant women with mechanical heart valves. While this study demonstrated 

fewer fetal complications among women receiving ≤5 mg/day, the analysis was limited by 

a relatively small cohort, heterogeneous clinical management, and restriction to patients 

with mechanical prosthetic valves. These findings, therefore, could not be generalizable 

to all pregnant women requiring anticoagulation. Also, fetal warfarin syndrome is re-

ported following maternal doses of 5 mg/day or less [41,42] indicating that teratogenic 

risk cannot be excluded at lower doses. Maternal dose alone is also an indicator of fetal 

exposure because anticoagulant response varies with CYP2C9 and VKORC1 polymor-

phisms, dietary vitamin K intake, concurrent medications, and maternal pharmacokinet-

ics. Therefore, current evidence supports a graded increase in fetal risk with higher doses 

but does not define a clear safety threshold. The mechanistic work of Pauli et al. (1987) 

[27], demonstrating similarities between warfarin embryopathy and inherited deficiencies 

of vitamin K-dependent proteins, further strengthens this conclusion by providing bio-

logical evidence that complements the clinical observations. Potential confounding factors 

should also be acknowledged. Women receiving warfarin during pregnancy commonly 

have mechanical heart valves or severe thromboembolic disorders, conditions that inde-

pendently increase the risks of miscarriage, placental dysfunction, fetal growth restriction, 

and adverse pregnancy outcomes. Consequently, fetal loss and some non-specific compli-

cations cannot always be attributed solely to warfarin exposure. 

In contrast, the evidence is strong for the association between first-trimester warfarin 

exposure and the characteristic skeletal and craniofacial abnormalities of fetal warfarin 

syndrome. Since the initial descriptions by multiple independent reports have consist-

ently identified nasal hypoplasia, depressed nasal bridge, stippled epiphyses (chondro-

dysplasia punctata), and distal phalangeal hypoplasia in infants exposed to warfarin dur-

ing early organogenesis [26,33,45]. These recurring findings have been reproduced over 

several decades in different clinical settings and populations, suggesting that they repre-

sent the core phenotype of warfarin embryopathy rather than isolated observations. Sev-

eral methodological limitations reduce the certainty of the available evidence. Some pub-

lished reports lack detailed information on maternal warfarin dosage, gestational timing 

and duration of exposure, concomitant medications, and maternal comorbidities, limiting 

accurate assessment of exposure-response relationships. Because fetal susceptibility var-

ies across gestation, incomplete exposure data hinder identification of critical windows of 

teratogenicity. Moreover, many landmark studies were published before the widespread 

use of high-resolution prenatal ultrasonography, fetal magnetic resonance imaging, fetal 

echocardiography, and molecular genetic testing. As a result, some congenital anomalies 

may have been incompletely characterized or misclassified according to current diagnos-

tic standards. 

Craniofacial and skeletal abnormalities have been documented repeatedly across nu-

merous independent studies and are therefore regarded as well-established manifesta-

tions of fetal warfarin syndrome. In comparison, cardiovascular, ophthalmologic, respir-

atory, hearing, and genitourinary abnormalities are reported much less frequently and are 

often described in isolated case reports or small case series. Although these abnormalities 

may represent true consequences of prenatal warfarin exposure, the available evidence is 

insufficient to determine whether they are consistently attributable to warfarin or reflect 

coincidental congenital anomalies occurring in a population already at increased obstetric 

risk. The quality of evidence also varies according to the organ system involved and these 
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findings should be interpreted as infrequent or possible manifestations rather than defin-

ing features of the syndrome. Similarly, the neurological complications of prenatal warfa-

rin exposure require similar consideration. Reports of fetal intracranial hemorrhage are 

relatively consistent across the literature [50–52] and are supported by warfarin’s known 

anticoagulant mechanism. However, secondary neurological outcomes such as hydro-

cephalus, cortical atrophy, seizures, developmental delay, and intellectual disability are 

considerably more heterogeneous. In many cases, these abnormalities appear to result 

from hemorrhagic injury sustained during fetal life rather than direct interference with 

embryonic neural patterning. Consequently, although neurological morbidity is a recog-

nized consequence of prenatal warfarin exposure, the underlying pathogenic mechanisms 

likely differ from those responsible for the classic skeletal phenotype and require further 

investigation. 

Clinical guidelines published by the American Heart Association/American College 

of Cardiology [21], the American College of Chest Physicians [20], the FDA prescribing 

information, and subsequent reviews by Gibson and Powrie (2009) [25] consistently rec-

ognize warfarin as a proven human teratogen. However, these recommendations are 

based primarily on a synthesis of the existing observational literature rather than new 

prospective clinical evidence. Therefore, they reinforce the clinical consensus regarding 

teratogenic risk but do not overcome the inherent methodological limitations of the un-

derlying studies. Overall, the available evidence strongly supports a causal association 

between first-trimester warfarin exposure and the characteristic craniofacial and skeletal 

features of fetal warfarin syndrome. Neurological complications following later gesta-

tional exposure are also well documented, whereas evidence for cardiovascular, ophthal-

mologic, respiratory, and genitourinary abnormalities remains limited and is based 

largely on isolated case reports. Prospective multicenter pregnancy registries with stand-

ardized exposure and outcome reporting are needed to better define the full phenotypic 

spectrum and quantify fetal risk. 

5. Insights from Animal Models of Fetal Warfarin Syndrome 

Vertebrate animal models provide valuable systems for studying the molecular and 

phenotypic mechanisms underlying fetal warfarin syndrome (FWS) due to rapid embry-

onic development, high fecundity, and conserved genetic pathways between zebrafish 

and humans. Several signaling pathways involved in coagulation and vitamin K metabo-

lism, which are required for skeletal and vascular development, are evolutionarily con-

served between vertebrate model organisms and humans, making them useful for devel-

opmental toxicology studies [53,54]. 

5.1. Zebrafish 

Experimental exposure of zebrafish (Danio rerio) embryos to warfarin has demon-

strated dose-dependent, developmental-stage-specific effects during embryogenesis and 

organ development. Zebrafish embryos exposed to warfarin concentrations ranging from 

62.5 to 1500 μM showed a relationship between increasing warfarin concentration and the 

severity of teratogenic and lethal outcomes [55,56]. At the highest concentration, 1500 μM 

warfarin exhibited 92% mortality rate within 2–3 days post-fertilization (dpf) in embryos, 

and developmental defects were detectable within 1 dpf, indicating accelerated toxicity. 

The embryos exposed to a higher concentration of warfarin showed severe developmental 

abnormalities such as absent cardiac activity and coagulation prior to death. Survived em-

bryos demonstrated delayed early development at 1 dpf followed by severe morphologi-

cal abnormalities during later stages. Morphological phenotypes include defects of the 

head, eyes, sacculi and otoliths, notochord, tail, and tail tip, as well as scoliosis, yolk de-

formities, and generalized growth impairment. Notochord abnormalities were dose-
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dependent, appearing as isolated lesions in lower-dose groups but progressing to exten-

sive structural disintegration at higher concentrations [55,56]. At lower concentrations 

(62.5–250 μM), teratogenic abnormalities generally became apparent at approximately 3 

dpf, whereas embryos exposed to 500–1000 μM exhibited abnormalities as early as 2 dpf. 

Toxic effects of warfarin at concentrations of 5, 25, and 125 mg/L during embryonic devel-

opment (1 h to 2.5 dpf) and endotrophic development (2.5–5 dpf) were recorded to mani-

fest reduced survival rate, reduced body size, and persistent growth impairment with 

hemorrhagic events [57]. Warfarin exposure also induced substantial cardiovascular and 

skeletal abnormalities. Cardiac edema occurred more frequently during embryonic-stage 

exposure, whereas swim bladder reduction was observed at the highest concentration 

(125 mg/L) regardless of developmental stage. Embryos exposed to warfarin frequently 

exhibit cardiac edema, reduced heart rate, altered cardiac looping, and circulatory defects. 

Such observations may help explain the congenital cardiovascular abnormalities occasion-

ally reported in human fetal warfarin syndrome. Warfarin exposure at 20 μM from 4 to 96 

h post-fertilization (hpf) in zebrafish embryos has significantly reduced cardiac cone area 

and heart tube size, indicating impaired early cardiac development [58]. Although heart 

tube formation still occurred, affected embryos exhibited incomplete and defective cardiac 

looping, reduced chamber size, and impaired rhythmic contraction. Structural cardiac ab-

normalities included a markedly smaller ventricle, atrial dilation, and defective endocar-

dial cushion formation. Minor looping abnormalities were also observed, suggesting dis-

ruption of normal cardiac patterning and morphogenesis. This study identified a broad 

critical exposure window extending from 4 to 72 hpf, indicating that warfarin-induced 

cardiotoxicity affects multiple stages of zebrafish cardiac development. 

Cartilage development was also disrupted by warfarin treatment. Embryos exposed 

to the highest concentration (125 mg/L) exhibited reduced cartilage growth plate size in 

the ethmoid, Meckel’s, and ceratohyal cartilages, with embryonic-stage exposure again 

producing more severe defects. These defects are thought to arise from impaired neural 

crest cell differentiation and abnormal extracellular matrix mineralization. Given that cra-

niofacial anomalies such as nasal hypoplasia represent hallmark features of fetal warfarin 

syndrome in humans, zebrafish provide an experimentally accessible model for investi-

gating the developmental origins of these abnormalities. Skeletal analyses demonstrated 

impaired mineralization of several dermal and endochondral skeletal structures, includ-

ing the cleithrum, parasphenoid, basioccipital, and ceratobranchial bones. Exposure dur-

ing endotrophic development primarily delayed mineralization of the parasphenoid, 

whereas embryonic-stage exposure resulted in a near-complete absence of mineralization 

in the cleithrum and parasphenoid at 5 and 7 dpf. Severe anti-mineralogenic effects were 

therefore most pronounced following early developmental exposure. Mineralization of 

vertebral centra was also markedly reduced, particularly in the caudal and caudal fin ver-

tebrae. Additional histological abnormalities included hepatocellular shrinkage and thin-

ning of retinal layers, especially following embryonic-stage exposure. Significant reduc-

tions in the ganglion cell layer, inner plexiform layer, and inner nuclear layer were ob-

served at 7 dpf. Collectively, these findings demonstrated that warfarin exposure in-

creased mortality, impaired growth, induced hemorrhage, shortened lifespan, disrupted 

skeletal mineralization, and altered cartilage development, with embryos exposed during 

early embryogenesis showing the most severe phenotypes (Table 9) [57]. 
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Table 9. Developmental Abnormalities Observed in Zebrafish (Danio rerio) Following Warfarin Ex-

posure. 

Phenotype Malformation Description Reference 

Craniofacial 

Craniofacial hypomineralization 

Impaired mineralization of the dermal and facial cartilag-

inous structures, reducing hard tissue content in the 

cleithrum, basioccipital, parasphenoid, and ceratobrachial 

5 bone. 

Granadeiro (2019) [57]. 

Craniofacial cartilage reduction 

Decreased cartilage content in growth plates of jaw and 

nasal bones with greatest impact in embryonic develop-

ment. 

Granadeiro (2019) [57]. 

Ceratohyal hypoplasia 
Decreased length of throat-structural ceratohyal cartilage 

at 7 days post-fertilization. 
Granadeiro (2019) [57]. 

Circulation/Musculoskeletal 

Delayed skeletal mineralization, 

generalized 

Delayed skeletal ossification and mineral deposition dur-

ing development. 
Granadeiro (2019) [57]. 

Decreased vertebral mineraliza-

tion 

Reduced vertebral mineralization accompanied by de-

creased birefringence, indicative of impaired bone for-

mation. 

Granadeiro (2019) [57]. 

Tail malformation Abnormal morphology of the tail. Fernández (2014) [59]. 

Scoliosis 
Sideways curvature of the spine observed as early as 1 

day post-fertilization. 
Strecker (2013) [56]. 

Cardiac edema 
Accumulation of fluid within tissues secondary to im-

paired cardiac function. 
Granadeiro (2019) [57]. 

Decrease in cardiac cone area 

Impaired cross-sectional area of fusing myocardial pre-

cursors during development, which occurred around 20 h 

post-fertilization 

Liu (2025) [58]. 

Cardiac hypoplasia 

Underdevelopment of the heart characterized by reduced 

cardiac size and incomplete formation of cardiac struc-

tures, indicative of impaired cardiogenesis. 

Fernández (2014) [59]. 

Pathological heart calcification Calcified regions present adjacent to the aortic bulb Fernández (2014) [59]. 

Cardiac looping defects 
Defect in heart formation during the twisting of the car-

diac tube to establish basic structure 
Liu (2025) [58]. 

Impaired ventricle/atrium mor-

phogenesis 
Decreased size of the ventricle and atrium of the heart Liu (2025) [58]. 

Absence of heartbeat (cardiac ar-

rest) 
Present at 3 days post-fertilization Strecker (2013) [56]. 

Impaired circulation 

Reduced or abnormal blood flow through the embryonic 

vasculature, indicative of disrupted cardiovascular func-

tion and compromised circulation during development. 

Fernández (2014) [59]. 

CNS/Neuro 

Incomplete forebrain formation 

Incomplete development of the forebrain observed fol-

lowing embryonic warfarin exposure, indicating disrup-

tion of normal central nervous system development. 

Fernández (2014) [59]. 

Reduced ganglion cell/inner 

plexiform/inner nuclear layer ra-

tios 

Reduced retinal ganglion cell, inner plexiform layer, and 

inner nuclear layer thickness ratios, indicating impaired 

retinal development. 

Granadeiro (2019) [57]. 

Brain hemorrhage 
Intracranial hemorrhage observed predominantly in the 

highest exposure group. 
Fernández (2014) [59]. 

Other 
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Growth retardation 

Reduced body size and growth compared with controls at 

16 days post-fertilization following embryonic exposure, 

though endotrophic exposure caused growth reduction in 

all dose groups. 

Granadeiro (2019) [57], 

Strecker (2013) [56]. 

Hemorrhage, generalized 
Bleeding throughout the body, observed in the highest-

dosage group. 
Granadeiro (2019) [57]. 

Swim bladder reduction 
Reduction in size of the gas-filled swim bladder in the 

highest-dosage group. 
Granadeiro (2019) [57]. 

Hepatocellular shrinkage Reduction in size of liver mesenchymal cells. Granadeiro (2019) [57]. 

Yolk deformity 
Altered composition and/or size of yolk, presence of 

edema in yolk. 
Strecker (2013) [56]. 

Underdeveloped somites 
Underdevelopment of mesoderm blocks which differenti-

ate into skeletal and connective tissue. 
Fernández (2014) [59]. 

The zebrafish model has emerged as a valuable experimental system for investigating 

warfarin-induced developmental toxicity due to its unique biological characteristics, in-

cluding external fertilization, transparent embryos, rapid development, and the capacity 

for high-throughput analysis of developmental effects across precisely defined stages. The 

established zebrafish developmental atlas allows researchers to associate specific expo-

sure periods with corresponding morphological and physiological abnormalities [54]. 

Studies investigating warfarin exposure in zebrafish have reported a range of adverse de-

velopmental outcomes, including concentration- and stage-dependent mortality, hemor-

rhagic events, reduced growth, axial skeletal abnormalities, craniofacial malformations, 

cardiac defects, and impaired mineralization processes [55–57]. Several of these abnor-

malities parallel clinical manifestations observed in fetal warfarin syndrome, particularly 

defects affecting craniofacial structures, skeletal development, cardiovascular formation, 

and overall fetal growth [57]. Beyond reproducing phenotypic features associated with 

human warfarin embryopathy, zebrafish models have contributed to understanding the 

molecular mechanisms responsible for these developmental defects. Granadeiro et al. 

(2019) [57] demonstrated that warfarin exposure disrupts cartilage differentiation, de-

creases mineral deposition in both dermal and endochondral skeletal tissues, and affects 

vascular and cardiac development, highlighting the importance of vitamin K-dependent 

pathways during embryogenesis. Furthermore, experimental manipulation of develop-

mental signaling cascades, particularly Wnt signaling, has revealed that altered pathway 

activity can modify warfarin-induced craniofacial abnormalities, suggesting that second-

ary developmental networks contribute to the teratogenic response [55,57]. These findings 

establish zebrafish as a powerful platform for elucidating mechanisms of warfarin toxicity 

and for evaluating potential protective or therapeutic interventions. Despite these ad-

vantages, interpretation of zebrafish data requires consideration of important biological 

differences from mammalian systems. Variations in embryonic structure, xenobiotic me-

tabolism, and nutrient uptake mechanisms may influence the response to warfarin expo-

sure. In addition, the absence of a mammalian placenta and maternal-fetal circulation pre-

vents direct assessment of maternal pharmacokinetic factors, placental transport, and fetal 

exposure dynamics. Therefore, while zebrafish provide valuable mechanistic insights into 

warfarin-induced developmental abnormalities, findings must be integrated with mam-

malian and clinical studies to accurately define their relevance to human pregnancy. 

5.2. Chicken 

The chick embryo is particularly useful for teratogenicity studies because embryonic 

development occurs externally, allowing direct manipulation and observation of skeletal 

and vascular development during defined developmental stages. The effects of dietary 
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warfarin exposure in Leghorn and broiler chicks fed diets containing 25, 50, or 75 mg war-

farin/kg body weight were reported [60]. Hemorrhagic lesions increased in severity with 

increasing warfarin dosage. Large subcutaneous hemorrhages were particularly evident 

in the wings of both breeds receiving the highest warfarin concentration. Intramuscular 

hemorrhages were also observed in several muscle groups, including the major and minor 

pectoralis, biceps femoris, and sartorius muscles, with occasional hemorrhage extending 

into the intraperitoneal region. Higher warfarin concentrations were additionally associ-

ated with increased mortality rates. Both Leghorn and broiler chicks fed warfarin-contain-

ing diets demonstrated significant reductions in feed consumption and body weight gain 

throughout most observation periods compared with controls (Table 10). Prothrombin 

times were also significantly prolonged in warfarin-treated birds, confirming the antico-

agulant effects of warfarin exposure [60]. 

Table 10. Phenotypic Effects of Postnatal Warfarin Exposure in Chickens. 

Phenotype Category/Effect Description Reference 

Circulation/Musculoskeletal: In-

tramuscular hemorrhage 

Dose-dependent hemorrhage is observed in the major and mi-

nor pectoralis, biceps femoris, and sartorius muscles, as well 

as the intraperitoneal region. 

Veltmann (1981) [60]. 

Growth: Decreased body weight 
Reduced feed consumption resulting in decreased body 

weight gain. 
Veltmann (1981) [60]. 

Hematological: Prolonged pro-

thrombin time 

Increased prothrombin time, with peak effects generally ob-

served one week after exposure; in broiler chicks receiving 100 

ppm warfarin, peak prolongation occurred after three weeks. 

Veltmann (1981) [60]. 

The chicken embryo is a useful model for studying developmental toxicity because 

of its external development, accessibility, and suitability for visualizing and manipulating 

vascular, skeletal, and craniofacial processes. Warfarin studies in Leghorn and broiler 

chickens have demonstrated dose-dependent hemorrhage, reduced growth, increased 

mortality, and prolonged prothrombin time, confirming disruption of vitamin K-depend-

ent coagulation pathways [60]. However, the relevance of chicken models to fetal warfarin 

syndrome is limited because many studies focus on postnatal or systemic exposure rather 

than embryonic exposure during organogenesis. In addition, differences in avian and 

mammalian development, including the absence of placental interactions and distinct 

skeletal maturation processes, limit direct extrapolation to human pregnancy. Neverthe-

less, the chicken embryo remains valuable for investigating developmental responses and 

mechanisms of warfarin toxicity. 

5.3. Rats 

Rodent models have provided important insight into the developmental and skeletal 

effects of prenatal warfarin exposure and have helped clarify the mechanisms underlying 

fetal warfarin syndrome [61]. The effects of warfarin exposure in pregnant Sprague–Daw-

ley rats were studied by administering 100 mg/kg warfarin orally each day in combination 

with intramuscular injections of 10 mg/kg vitamin K1. When treatment occurred during 

gestational days 1–12, no major maternal or fetal abnormalities were observed apart from 

fetal growth impairment. However, treatment during gestational days 9–20 produced se-

vere fetal hemorrhage, increased fetal resorption, and a significant reduction in litter size 

at day 21 of gestation. Approximately 36% of hemorrhagic lesions were externally visible 

in live fetuses, with many presenting as subcutaneous hemorrhages. More severe hemor-

rhages involved the brain, face, eyes, and occasionally the limbs. Intracranial hemorrhage, 

primarily intraventricular, was observed in 13% of exposed fetuses. Hemorrhage localized 

within the walls of the cerebral hemispheres resulted in focal areas of brain destruction, 
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while hemorrhage affecting the eyes and ears caused tissue distortion and degeneration. 

Notably, classic skeletal features of human fetal warfarin syndrome, such as nasal hypo-

plasia and epiphyseal stippling, were not observed. The authors suggested that this dif-

ference may reflect species-specific developmental timing, as much of the skeletal ossifi-

cation in rats occurs postnatally [61]. In a subsequent study, postnatal warfarin exposure 

in Sprague–Dawley rats was investigated by administering 100 mg/kg warfarin daily and 

simultaneously administering intramuscular injections of 10 mg/kg vitamin K1, beginning 

the day after birth and continuing for up to 12 weeks [62]. Treated rats demonstrated sub-

stantial growth impairment, including significant reductions in body weight, tail length, 

nasal length, and overall body length. Craniofacial abnormalities included shorter and 

broader snouts, smaller ear pinnae, and maxillonasal hypoplasia resulting from impaired 

skull growth. Significant reductions were observed in the dimensions of the skull, frontal 

bone, maxilla, premaxilla, nasal bone, and limb bones. Histological analysis revealed ex-

tensive calcification within the septal cartilage, particularly in the inferior half of the sep-

tum, with calcification extending throughout the full height of the anterior septum. These 

calcium deposits persisted for up to 15 months following treatment. Although classical 

stippling was absent, ectopic calcification formed “bridges” across growth plates, accom-

panied by disorganization and reduced cellularity within growth plate columns. These 

findings suggested that warfarin exposure disrupts normal cartilage maturation and en-

dochondral ossification [62]. 

Additional evidence of warfarin-induced skeletal dysplasia was reported after ad-

ministering daily warfarin doses of 0.05 mg/kg or 0.1 mg/kg to pregnant Wistar albino 

rats during gestational days 0–15, corresponding to the organogenesis period [63]. Fetuses 

exposed to warfarin exhibited incomplete ossification of the skull, enlarged fontanelles, 

incomplete development of the sacral and coccygeal vertebrae, abnormal metatarsal ossi-

fication, hind limb defects, and wavy ribs. At the higher dose, calcification was markedly 

impaired, and bone development was incomplete. Histopathological examination demon-

strated hemorrhage and moderate degeneration within intervertebral tissues, while 

higher-dose exposure produced pronounced vertebral necrosis and degeneration [63]. 

Prenatal warfarin exposure in Sprague–Dawley rats treated daily from gestational days 

8–22 was reported [64]. At 150 μg/kg, dams exhibited no external bleeding, and fetuses 

showed no gross abnormalities. However, higher doses of 185 and 200 μg/kg were lethal 

to the dams. At 175 μg/kg, maternal survival was reduced to approximately 57%, and 

fetuses demonstrated reductions in mandibular length, mandibular depth, and maxillary 

length, although these differences were not statistically significant after correction for fetal 

body weight. Histological analyses revealed widened hypertrophic zones in growth 

plates, disruption of the normal columnar arrangement of hypertrophic chondrocytes, 

and irregular cellular organization within cartilage. One dam exhibiting a markedly ele-

vated prothrombin time produced fetuses with more severe skeletal abnormalities, in-

cluding absence of ossification centers in the proximal and distal phalanges of both fore-

limbs and hind limbs, widened growth plates, and calcified hypertrophic zones. These 

findings further supported the relationship between excessive anticoagulation and im-

paired skeletal development [64]. The effects of therapeutic and toxic postnatal warfarin 

exposure in Sprague–Dawley rats were reported [65]. Rats received either a toxic dose 

consisting of 100 mg/kg warfarin combined with 10 mg/kg phylloquinone or a therapeutic 

dose of 0.07 mg/kg warfarin daily after birth. Neither treatment group demonstrated hem-

orrhage at the end of the study period. However, rats exposed to the toxic dose exhibited 

statistically significant reductions in skull and radius length. Animals receiving the ther-

apeutic dose also demonstrated significantly reduced skull length, although radius length 

was not significantly affected (Table 11). These findings indicated that even therapeutic 
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warfarin exposure may adversely affect craniofacial growth and skeletal development 

[65]. 

Table 11. Developmental and Skeletal Abnormalities Associated with Warfarin Exposure in Rats. 

Phenotype Malformation Description Reference 

Craniofacial 

Maxillonasal Hypoplasia 
Nasal bone length was reduced by 11–13% compared with 

controls. 
Howe (1992) [62] 

Reduced skull length 

Cranial shortening, with the anterior skull region more se-

verely affected; total skull length reduced by 15.7 ± 2.3% rela-

tive to controls. 

Howe (1992) [62], Chetot 

(2020) [65] 

Shortened and broadened 

snout 

Altered snout morphology characterized by reduced length 

and increased width. 
Howe (1992) [62] 

Reduced pinna size Decreased size of the external ear (pinna). Howe (1992) [62] 

Decreased mandibular length 
Reduction in mandibular length; differences were not signifi-

cant after adjustment for fetal body weight. 
Feteih (1990) [64] 

Decreased maxillary length 

Reduced maxillary and premaxillary dimensions; maxilla and 

premaxilla decreased by approximately 6–12% and 5–7%, re-

spectively. 

Feteih (1990) [64], Howe 

(1992) [62] 

Septal cartilage calcification 
Premature or abnormal calcification of the nasal septal carti-

lage. 
Howe (1992) [62] 

Craniofacial/Skeletal 

Incomplete ossification of the 

skull 
Delayed or incomplete cranial bone ossification. Abdulsamad (2023) [63] 

Enlarged fontanelles 
Large persistent fontanelles resulting from delayed cranial os-

sification. 
Abdulsamad (2023) [63] 

Circulatory/Hemorrhagic 

Subcutaneous hemorrhage 
Hemorrhage within subcutaneous tissues; represented a sub-

stantial proportion of observed bleeding events. 
Howe (1990) [61] 

Brain hemorrhage 
Predominantly intraventricular hemorrhage, observed in ap-

proximately 13% of fetuses. 
Howe (1990) [61] 

Facial hemorrhage Hemorrhage affecting facial soft tissues. Howe (1990) [61] 

Ocular hemorrhage Hemorrhage involving periocular or ocular tissues. Howe (1990) [61] 

Limb hemorrhage Hemorrhage affecting limb soft tissues. Howe (1990) [61] 

Musculoskeletal/Skeletal 

Reduced radius length Radius length was 11.3 ± 0.6% reduced. Postnatal exposure. Chetot (2020) [65] 

Reduced tail length 12–17% reduction. Postnatal exposure. Howe (1992) [62] 

Reduced forelimb bone length Forelimb bones shortened by approximately 4–5%. Howe (1992) [62] 

Wavy ribs Abnormal rib curvature and morphology. Abdulsamad (2023) [63] 

Generalized incomplete bone 

development 

Extensive reduction in skeletal mineralization and calcifica-

tion. 
Abdulsamad (2023) [63] 

Vertebral necrosis and degen-

eration 

Marked vertebral degeneration and necrosis observed in the 

high-dose group. 
Abdulsamad (2023) [63] 

Growth/Development 

Growth restriction 
Postnatal exposure. Generalized reduction in fetal growth and 

development. 
Howe (1992) [62] 

Reduced body weight 
Body weight is reduced by approximately 7–13% compared 

with controls. 
Howe (1992) [62] 

Reduction in cell count or dis-

organization of growth plate 

column cells 

Reduced numbers and disorganization of growth plate colum-

nar chondrocytes. 
Howe (1992) [62] 
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Disorganized hypertrophic 

zones 

Hypertrophic cartilage zones were widened, calcified, and 

disorganized, occupying a greater proportion of total cartilage 

length than in controls. Mean width was 18.3% of total carti-

lage length compared to control (14.2%). 

Feteih (1990) [64] 

Rodent models offer improved translational relevance for studying warfarin embry-

otoxicity because they replicate key mammalian features, including maternal-fetal circu-

lation, organogenesis, and skeletal development. Prenatal warfarin exposure in rats has 

reproduced several characteristics of fetal warfarin syndrome, such as fetal hemorrhage, 

intracranial bleeding, craniofacial abnormalities, growth impairment, and skeletal defects. 

Howe and Webster (1990) [61] reported that exposure during sensitive developmental 

windows resulted in severe fetal hemorrhage, including brain, facial, and ocular bleeding, 

along with increased fetal resorption. Further studies identified craniofacial hypoplasia, 

altered cartilage development, and impaired endochondral ossification, resembling key 

features of human warfarin embryopathy [62]. Rodent investigations have also advanced 

understanding of the developmental mechanisms underlying warfarin toxicity by linking 

disruption of vitamin K-dependent proteins with skeletal abnormalities. Warfarin expo-

sure has been associated with reduced ossification of cranial structures, vertebral defects, 

delayed bone formation, and growth plate abnormalities, highlighting the importance of 

vitamin K pathways in skeletal development [63–65]. However, rodent models have lim-

itations, as some hallmark human features, such as epiphyseal stippling, are inconsist-

ently reproduced due to differences in skeletal maturation timing between rodents and 

humans. Therefore, rodent models provide important mechanistic and developmental in-

sights but cannot fully capture the complete spectrum of human fetal warfarin syndrome. 

5.4. Integrative Mechanisms Underlying Warfarin-Induced Developmental Toxicity Across  

Vertebrate Models 

Across vertebrate models, evidence indicates that warfarin-induced developmental 

toxicity involves conserved biological pathways. By inhibiting vitamin K epoxide reduc-

tase (VKOR), warfarin decreases the availability of active vitamin K required for γ-car-

boxylation of vitamin K-dependent proteins. This disruption affects classical coagulation 

factors as well as non-coagulation proteins involved in bone formation, extracellular ma-

trix organization, vascular integrity, and embryonic development. Impaired function of 

these proteins provides a mechanistic basis for the cartilage defects, reduced mineraliza-

tion, skeletal abnormalities, and vascular disturbances observed in zebrafish and mam-

malian models [57,64]. In addition, zebrafish studies have revealed that developmental 

signaling pathways, particularly Wnt signaling involved in craniofacial patterning, con-

tribute to warfarin-induced malformations and offer insights beyond observations possi-

ble from human clinical studies alone [55,57]. Collectively, animal models have enhanced 

understanding of fetal warfarin syndrome by enabling controlled assessment of exposure 

dose, developmental timing, affected tissues, and underlying molecular pathways. While 

human studies primarily characterize the clinical spectrum and establish associations be-

tween prenatal warfarin exposure and congenital abnormalities, experimental models al-

low investigation of causal mechanisms. The combined findings from zebrafish, chicken, 

and rodent models support the concept that fetal warfarin syndrome arises from disrup-

tion of conserved developmental processes involving vitamin K metabolism, skeletal mor-

phogenesis, vascular development, and tissue patterning. These models provide an essen-

tial link between clinical manifestations and the molecular mechanisms responsible for 

warfarin-induced embryopathy. 

Although current studies have established the importance of vitamin K-dependent 

mechanisms in warfarin-induced embryotoxicity, the effects of warfarin on broader 
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developmental gene signaling networks remain incompletely understood. Further re-

search is needed to determine how warfarin exposure influences known conserved path-

ways such as Sonic hedgehog (SHH), Bone Morphogenetic Protein (BMP), Wnt/β-catenin, 

Fibroblast Growth Factor (FGF), Notch, Transforming Growth Factor-β (TGF-β), and ret-

inoic acid signaling pathways, etc., which regulate embryonic patterning, cell prolifera-

tion, differentiation, migration, and organogenesis in vertebrates. Investigating these 

pathways in vertebrate models will provide important insights into how disruption of 

vitamin K metabolism interacts with developmental gene networks to produce craniofa-

cial, skeletal, cardiovascular, and other congenital abnormalities associated with fetal war-

farin syndrome. Such studies may help identify key molecular targets and improve un-

derstanding of susceptibility mechanisms underlying warfarin-induced developmental 

toxicity. 

6. Gene Signaling Networks in Warfarin-Induced Teratogenesis 

Warfarin teratogenicity is primarily attributed to the disruption of vitamin K-de-

pendent biochemical pathways required for normal embryonic development. Experi-

mental studies in zebrafish, rodent, and avian models, as well as in cell culture systems, 

have identified alterations in signaling pathways regulating cartilage maturation, osteo-

genesis, vascular integrity, neuronal survival, and extracellular matrix organization fol-

lowing prenatal warfarin exposure. Importantly, several neurological manifestations as-

sociated with fetal warfarin syndrome have been reported prior to significant fetal coag-

ulation factor expression, suggesting that mechanisms beyond anticoagulation-mediated 

hemorrhage contribute to developmental toxicity [66]. These observations support the hy-

pothesis that warfarin may directly influence gene expression programs and signaling 

pathways critical for embryonic tissue differentiation and organogenesis. Understanding 

the molecular signaling networks affected by warfarin exposure is therefore essential for 

clarifying the pathogenesis of fetal warfarin syndrome and identifying potential targets 

for safer anticoagulation strategies during pregnancy. 

6.1. γ-. Glutamyl Carboxylase (GGCX), Thrombin, and Protease-Activated Receptor-1 (PAR-1) 

Regulate Vitamin K-Dependent Protein Activation 

Warfarin inhibits vitamin K epoxide reductase complex subunit 1 (VKORC1), pre-

venting the regeneration of the reduced form of vitamin K required for γ-glutamyl car-

boxylase (GGCX) activity. γ-Glutamyl carboxylase (GGCX) catalyzes the vitamin K-de-

pendent γ-carboxylation of several proteins involved in coagulation and embryonic de-

velopment. Known GGCX substrate proteins include coagulation-associated proteins 

such as prothrombin, protein C, protein S, protein Z, and coagulation factors VII, IX, and 

X, as well as developmental proteins including growth arrest-specific protein 6 (Gas6), 

matrix Gla protein (MGP), proline-rich γ-carboxylated proteins 1 and 2, nephrocalcin A–

D, and the transmembrane proteins TMG3 and TMG4 [67]. Warfarin reduces vitamin K-

mediated GGCX activity and subsequent γ-carboxylation of vitamin K-dependent pro-

teins [68,69]. Experimental studies have demonstrated that impaired γ-carboxylation dis-

rupts the activation of osteocalcin and matrix Gla protein (MGP), resulting in abnormal 

cartilage mineralization and skeletal dysplasia [70]. Mutations in GGCX produce pheno-

types resembling fetal warfarin syndrome, including chondrodysplasia punctata and ec-

topic calcification [71]. While impaired γ-carboxylation is considered the central mecha-

nism underlying fetal warfarin syndrome, increasing evidence suggests that warfarin ex-

posure also disrupts broader developmental signaling networks involved in embryogen-

esis. 

Warfarin-induced reduction in coagulation factors decreases thrombin generation 

and downstream PAR-1 signaling. PAR-1 regulates vascular stability, angiogenesis, and 
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neural development during embryogenesis [72]. Experimental evidence suggests that im-

paired thrombin-PAR-1 signaling contributes to vascular fragility and fetal hemorrhage, 

particularly intracranial hemorrhage associated with CNS injury in fetal warfarin syn-

drome [73]. Although bleeding abnormalities are commonly observed in humans with γ-

carboxylase mutations, developmental defects associated with non-coagulation γ-carbox-

ylated proteins are comparatively rare. Experimental studies in mice have demonstrated 

the critical developmental importance of GGCX signaling. Homozygous Ggcx-/- mice ex-

hibit severe embryonic lethality, with approximately half of embryos dying between em-

bryonic days 9.5 and 18.5, while surviving embryos succumb to intra-abdominal hemor-

rhage shortly after birth [67]. Interestingly, these embryos did not demonstrate ectopic 

calcification despite the absence of γ-carboxylation activity. Similar embryonic lethality 

has been observed in mice lacking protease-activated receptor-1 (Par-1), a thrombin recep-

tor involved in vascular and developmental signaling. However, adult Par-1-/- mice exhibit 

normal hemostasis, suggesting that mid-embryonic lethality in these models may result 

from impaired developmental signaling rather than hemorrhage alone. This finding sup-

ports the hypothesis that thrombin-mediated signaling pathways contribute to embryonic 

survival independently of their role in coagulation. In contrast, knockout models targeting 

several individual vitamin K-dependent proteins, including osteocalcin, Gas6, MGP, pro-

tein C, protein Z, and coagulation factors VII and IX, do not demonstrate embryonic le-

thality. Nevertheless, mutations in the MGP gene in humans cause Keutel syndrome, a 

disorder characterized by abnormal cartilage calcification, brachytelephalangia, and mid-

facial hypoplasia, phenotypes that overlap with the skeletal manifestations observed in 

fetal warfarin syndrome [67]. These findings suggest that disruption of multiple γ-carbox-

ylated developmental pathways collectively contributes to the teratogenic effects of war-

farin exposure. 

6.2. Receptor Tyrosine Kinases (RTKs) and Eyk/Axl Signaling 

Growth-arrest-specific protein 6 (Gas6) is a vitamin K-dependent protein (VKDP) 

that shares significant structural homology with protein S, a coagulation-associated pro-

tein affected by warfarin exposure. Gas6 functions as a ligand for the receptor tyrosine 

kinase (RTK) family members Tyro3, Axl, and MerTK, which regulate cellular prolifera-

tion, differentiation, survival, migration, and signal transduction during embryonic de-

velopment [74,75]. Warfarin inhibits γ-carboxylation of GAS6, thereby reducing receptor 

activation and impairing signaling involved in endothelial survival, vascular stabilization, 

and neuronal development [76]. Experimental studies linked disrupted GAS6–AXL sig-

naling to vascular instability and defective tissue remodeling. Because RTK signaling 

plays a central role in tissue morphogenesis and organogenesis, disruption of Gas6-medi-

ated pathways has been proposed as a contributing mechanism in warfarin teratogenesis. 

Experimental studies using chicken embryo models demonstrated that warfarin exposure 

induces a dose-dependent reduction in tyrosine phosphorylation via pathways involving 

c-Eyk, the avian homolog of the Tyro3 receptor tyrosine kinase, which is widely expressed 

during embryogenesis [77]. Additional signaling molecules affected by warfarin exposure 

included pp125FAK (focal adhesion kinase), pp60c-src, and paxillin, all of which are crit-

ical regulators of cytoskeletal organization, signal transduction, and cellular adhesion 

during embryonic development. pp125FAK regulates cytoskeletal assembly and phos-

phorylates paxillin, a protein involved in actin-membrane interactions during organogen-

esis. pp60c-src functions in intracellular signaling pathways and is highly concentrated in 

developing neural tissue, whereas paxillin contributes to cell adhesion and morphogene-

sis [77]. Vitamin K administration increased phosphorylation of c-Eyk, pp125FAK, and 

paxillin and upregulated Src kinase activity in chicken embryos [78]. Warfarin exposure 

inhibited these vitamin K-mediated signaling responses, suggesting that disruption of 
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RTK-associated phosphorylation pathways may contribute to impaired embryonic devel-

opment during prenatal warfarin exposure. These findings support the hypothesis that 

warfarin teratogenicity extends beyond coagulation abnormalities to include disruption 

of developmental signaling networks that regulate cellular proliferation, cytoskeletal or-

ganization, and tissue morphogenesis. 

6.3. Pregnane X Receptor (PXR) Pathway 

Vitamin K functions as a specific ligand for the pregnane X receptor (PXR), a nuclear 

receptor that is a major regulator of xenobiotic metabolism and bile acid homeostasis [79]. 

In addition to its metabolic functions, PXR signaling plays important roles in skeletal de-

velopment by regulating osteoblast differentiation and extracellular matrix (ECM)-asso-

ciated genes, including tsukushi (tsku), matrilin-2, and CD14 [59]. Altered PXR activity fol-

lowing warfarin exposure has been associated with impaired skeletal development and 

reduced ossification. Experimental studies have demonstrated that PXR-knockout mice 

develop osteopenia, underscoring the importance of PXR signaling in bone homeostasis 

and mineralization. In zebrafish models, warfarin exposure increased expression of the 

PXR-regulated genes tsukushi and cyp3a65 [59]. The skeletal abnormalities observed in 

warfarin-exposed zebrafish have been proposed to result partly from tsukushi-mediated 

antagonism of bone morphogenetic protein (BMP) signaling, a pathway essential for skel-

etal patterning and osteogenesis. Disruption of BMP signaling may therefore contribute 

to impaired mineralization and skeletal dysplasia associated with prenatal warfarin ex-

posure. The proposed interaction between Tsukushi and BMP signaling may also explain 

the observed in vivo upregulation of osteocalcin following warfarin exposure, which con-

trasts with findings reported in C2C12 cell culture models. These findings suggest that 

PXR-mediated signaling pathways may contribute to the skeletal manifestations of war-

farin teratogenicity by modulating extracellular matrix organization and BMP-dependent 

developmental processes. 

6.4. Sulfatide Metabolism and CNS Sequelae 

Warfarin exposure has been shown to reduce the biosynthesis of sulfatides, essential 

sphingolipid components of myelin in the central nervous system [80]. Sulfatides play a 

critical role in myelin stability, neuronal signaling, and normal neural development. Dis-

ruption of sulfatide synthesis has therefore been proposed as a potential mechanism con-

tributing to the neurological manifestations and developmental delays associated with 

fetal warfarin syndrome. Importantly, central nervous system abnormalities observed fol-

lowing prenatal warfarin exposure cannot be fully explained by hemorrhagic injury sec-

ondary to impaired coagulation. CNS abnormalities in a fetus exposed to warfarin be-

tween gestational weeks 8 and 12, a developmental period preceding significant fetal ex-

pression of coagulation factors [66]. These findings suggest that warfarin may directly in-

terfere with neurodevelopmental pathways, independent of its anticoagulant effects, po-

tentially by disrupting myelin-associated lipid metabolism and other developmental sig-

naling mechanisms. 

6.5. Ras Family Signaling Pathways 

GTPases of the Ras protein family are critical regulators of embryonic development 

and participate in cellular processes including cell division, nuclear assembly, vesicle 

transport, cytoskeletal organization, and differentiation [81]. Ras signaling activity is 

tightly controlled by Ras-GTPase-activating proteins (Ras-GAPs), which accelerate the hy-

drolysis of active Ras-GTP to inactive Ras-GDP, thereby regulating downstream develop-

mental signaling pathways [82]. One Ras-associated regulatory protein implicated in war-

farin teratogenesis is SH3-domain binding protein (G3BP), which plays an essential role 
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in embryogenesis and neurodevelopment. Experimental studies identified four redun-

dant G3BP isoforms in embryonic stem cells, all of which were upregulated following 

warfarin exposure [81]. Warfarin-mediated disruption of GAS6/TAM receptor signaling 

alters downstream Ras-MAPK pathway activation, which is involved in cell proliferation, 

differentiation, and skeletal morphogenesis [83]. These findings suggest that warfarin 

may alter Ras-mediated signaling networks involved in cellular differentiation and neural 

development, potentially contributing to the neurodevelopmental abnormalities ob-

served in fetal warfarin syndrome. 

6.6. Wnt Signaling Pathway 

Low-dose warfarin exposure has been shown to induce cleft palate formation in a 

subset of zebrafish embryos, producing phenotypes similar to the craniofacial abnormal-

ities reported in human fetal warfarin syndrome. Experimental studies demonstrated that 

inhibition of Wnt signaling exacerbated the cleft palate phenotype, whereas treatment 

with Wnt agonists, including BIO, WAY-262611, and CHIR-99021, significantly rescued 

palatal development in affected embryos. Warfarin exposure was additionally associated 

with reduced expression of the canonical Wnt downstream transcription factors tcf7 and 

lef1, indicating suppression of Wnt/β-catenin signaling activity [84]. This reduction was 

accompanied by decreased cellular proliferation and impaired viability of developing pal-

atal structures. These findings suggest that disruption of canonical Wnt signaling contrib-

utes to warfarin-induced craniofacial malformations and may play an important role in 

the pathogenesis of cleft palate associated with prenatal warfarin exposure. 

Transglutaminase 2 (TG2) has been identified as a critical mediator of warfarin-in-

duced vascular calcification by activating canonical β-catenin signaling in vascular 

smooth muscle cells (VSMCs). Experimental studies in rat A10 VSMCs demonstrated that 

warfarin exposure promotes vascular calcification by activating the TG2/β-catenin signal-

ing axis, thereby inducing osteogenic transformation of VSMCs. Inhibition of either TG2 

activity or canonical β-catenin signaling significantly reduced warfarin-induced calcifica-

tion, thereby identifying the TG2/β-catenin pathway as a potential therapeutic target for 

preventing warfarin-associated vascular calcification [85,86]. Disrupted Wnt signaling has 

been associated with delayed ossification, abnormal cartilage mineralization, and cranio-

facial defects characteristic of fetal warfarin syndrome. 

6.7. Integrated Vitamin K-Dependent Mechanisms Underlying Warfarin Embryopathy 

Warfarin induces teratogenic effects primarily through inhibition of vitamin K epox-

ide reductase complex subunit 1 (VKORC1), thereby preventing regeneration of vitamin 

K hydroquinone and limiting γ-glutamyl carboxylase (GGCX) activity required for post-

translational modification of vitamin K-dependent proteins (VKDPs) [87,88]. This results 

in the accumulation of undercarboxylated VKDPs with reduced biological activity. Be-

cause VKDPs regulate morphological processes during embryo development, their coor-

dinated dysfunction provides a mechanistic basis for the multisystem abnormalities ob-

served in fetal warfarin syndrome [89,90]. 

Matrix Gla protein (MGP), a key non-coagulation VKDP, is a potent inhibitor of ec-

topic calcification and plays a central role in cartilage and bone development. Impaired γ-

carboxylation of MGP disrupts endochondral ossification and extracellular matrix miner-

alization, contributing to chondrodysplasia punctata, nasal hypoplasia, and distal skeletal 

abnormalities characteristic of warfarin embryopathy [91,92]. Similarly, osteocalcin dys-

function affects osteoblast differentiation and bone matrix deposition, further compromis-

ing skeletal [93]. Phenotypic overlap between genetic defects in MGP or GGCX and war-

farin exposure further supports this pathway-level mechanism [68,94]. 
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Warfarin also interferes with γ-carboxylation of growth arrest-specific protein 6 

(GAS6), reducing activation of the TAM receptor family (Tyro3, Axl, MerTK), which reg-

ulates cell survival, vascular stabilization, and neural development [95,96]. Disruption of 

GAS6–TAM signaling has been implicated in vascular fragility, impaired angiogenesis, 

and neurodevelopmental abnormalities [97,98]. In addition, vitamin K depletion influ-

ences broader developmental signaling networks, including PXR-mediated xenobiotic 

sensing, Wnt/β-catenin signaling in osteogenesis, Ras/MAPK pathways in cell prolifera-

tion, and thrombin–PAR-1 signaling in vascular and neural patterning [72,79,99]. Collec-

tively, these interconnected pathways provide an integrated molecular framework linking 

VKOR inhibition to the skeletal, craniofacial, vascular, and neurological manifestations of 

fetal warfarin syndrome. 

Despite these plausible connections relating warfarin with Vitamin K signaling, the 

direct molecular targets linking warfarin exposure to other known intracellular signaling 

networks regulating cell survival, proliferation, specification, differentiation and apopto-

sis remain largely unknown. It is unclear whether warfarin acts indirectly through meta-

bolic stress, oxidative imbalance, or altered epigenetic regulation, or whether there are yet 

unidentified off-target interactions affecting developmental gene networks. Therefore, fu-

ture research is essential to systematically map both upstream regulators and downstream 

transcriptional consequences of warfarin exposure beyond the vitamin K pathway. High-

resolution multi-omics approaches, combined with functional studies in relevant embry-

onic models, will be critical to delineate how developmental pathways are integrated with 

xenobiotic response networks during warfarin-induced teratogenesis. This integrated 

framework will ultimately refine our understanding of fetal warfarin syndrome as a 

multi-pathway developmental disorder rather than a single-cascade vitamin K deficiency 

state. 

7. Warfarin Derivatives and Alternative Anticoagulants 

Several coumarin-derived anticoagulants with structural and pharmacological simi-

larities to warfarin are used clinically, including phenprocoumon and acenocoumarol. 

These agents act by inhibiting vitamin K epoxide reductase, thereby impairing γ-carbox-

ylation of vitamin K-dependent coagulation factors, via a mechanism similar to that of 

warfarin. Phenprocoumon is sometimes preferred in patients with poor warfarin metab-

olism because of its prolonged elimination half-life. The S- and R-enantiomers of phen-

procoumon have half-lives of approximately 172 and 156 h, respectively, with the S-enan-

tiomer accounting for most of the anticoagulant activity [16]. Structurally, phenpro-

coumon differs from warfarin by lacking the ketone group attached to the asymmetric 

carbon center [3]. Acenocoumarol, another coumarin derivative, has a substantially 

shorter half-life, with elimination half-lives of approximately 2 h for the S-enantiomer and 

8 h for the R-enantiomer [16]. In contrast to warfarin, acenocoumarol contains a nitro 

group on the aromatic ring adjacent to the asymmetric carbon [3]. Despite pharmacoki-

netic differences, both phenprocoumon and acenocoumarol exert anticoagulant effects by 

inhibiting vitamin K-dependent pathways and may therefore share a teratogenic potential 

similar to that of warfarin. Indandione anticoagulants are another class of vitamin K an-

tagonists with mechanisms of action comparable to those of warfarin. These compounds 

inhibit the synthesis of vitamin K-dependent clotting factors by interfering with vitamin 

K recycling pathways [100]. Although less commonly used today, indandione derivatives 

have historically been employed as oral anticoagulants and demonstrate similar anticoag-

ulant and developmental toxicity profiles. Heparin and low-molecular-weight heparins 

(LMWHs) are widely used alternatives to vitamin K antagonists during pregnancy be-

cause they do not readily cross the placenta. Unlike warfarin (molecular weight 308.3 Da), 

which readily crosses the placenta, heparin is a large polysaccharide with an average 
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molecular weight of 12–15 kDa and does not traverse the placental barrier, thereby mini-

mizing fetal exposure. Comparatively, heparin exerts its anticoagulant effect by potenti-

ating antithrombin III activity, thereby inhibiting thrombin and factor Xa [101,102]. Due 

to their limited placental transfer, heparin-based anticoagulants are generally considered 

safer for fetal development and are frequently recommended for anticoagulation manage-

ment during pregnancy. 

Clinical Implications and Anticoagulation Strategies During Pregnancy 

Management of anticoagulation during pregnancy remains a complex clinical chal-

lenge because treatment decisions must balance maternal protection from thromboem-

bolic complications with potential fetal risks. Warfarin remains one of the most effective 

oral anticoagulants for preventing thromboembolic complications and valve thrombosis 

in patients with mechanical heart valves; however, because it crosses the placenta and 

interferes with vitamin K-dependent pathways, its use during pregnancy is associated 

with fetal risks, including fetal warfarin syndrome, particularly when exposure occurs 

during weeks 6–12 of gestation [103,104]. Current clinical guidelines recommend individ-

ualized anticoagulation strategies based on maternal thromboembolic risk, valve type, 

and patient preferences. The American College of Chest Physicians (ACCP), American 

College of Cardiology/American Heart Association (ACC/AHA), and European Society 

of Cardiology (ESC) guidelines recognize that warfarin provides superior maternal pro-

tection against mechanical valve thrombosis but requires careful consideration because of 

fetal [103,105,106]. In women requiring mechanical valve anticoagulation, continuation of 

warfarin at the lowest effective dose may be considered in selected high-risk patients, 

whereas alternative regimens are preferred when fetal risk reduction is prioritized. Low-

molecular-weight heparin (LMWH) is frequently considered an alternative during preg-

nancy because it does not cross the placenta and therefore has minimal direct fetal expo-

sure [103]. However, LMWH requires weight-adjusted dosing and monitoring of anti-fac-

tor Xa levels, and concerns remain regarding inadequate anticoagulation and increased 

risk of mechanical valve thrombosis, particularly in patients with older mechanical valves 

or additional thromboembolic risk factors [28,103]. Thus, anticoagulation decisions re-

quire careful evaluation of both maternal and fetal outcomes. 

The clinical dilemma surrounding warfarin use reflects the competing risks of mater-

nal thromboembolism and fetal developmental toxicity. While avoidance of warfarin dur-

ing early pregnancy reduces the risk of embryopathy, interruption of effective anticoagu-

lation may expose mothers to potentially life-threatening valve thrombosis or systemic 

embolism [103,104]. Therefore, individualized treatment plans involving cardiology, ma-

ternal–fetal medicine, and hematology specialists are recommended. Emerging strategies 

aim to improve anticoagulation safety during pregnancy through personalized dosing ap-

proaches, improved therapeutic monitoring, and development of anticoagulants with re-

duced placental transfer. However, direct oral anticoagulants (DOACs) are currently not 

recommended for patients with mechanical heart valves due to demonstrated risks of 

valve thrombosis and insufficient safety data during pregnancy [49,107–111]. Future re-

search integrating clinical data with mechanistic insights from experimental models may 

improve prediction of fetal susceptibility and support safer anticoagulation approaches 

during pregnancy. 

8. Conclusions 

This review highlights the multifaceted nature of warfarin pharmacology, toxicity, 

and teratogenicity, emphasizing its continued clinical importance alongside its significant 

developmental risks during pregnancy. Although warfarin remains an effective and 

widely used anticoagulant, prenatal exposure can result in fetal warfarin syndrome 
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(FWS), a complex disorder characterized by craniofacial, skeletal, neurological, cardiovas-

cular, and growth abnormalities. Clinical and experimental evidence demonstrates that 

the severity of these phenotypes depends on the timing, duration, and dosage of exposure. 

Importantly, findings from zebrafish, chicken, and rodent models demonstrate that war-

farin-induced developmental toxicity extends beyond hemorrhagic complications and in-

volves disruption of multiple vitamin K-dependent molecular signaling pathways regu-

lating cartilage formation, skeletal mineralization, vascular stability, cardiac morphogen-

esis, and neurodevelopment. Pathways involving GGCX, GAS6/TAM receptors, throm-

bin–PAR-1, PXR, Ras, and Wnt signaling appear to play critical roles in the pathogenesis 

of FWS. Collectively, these studies provide important mechanistic insight into the devel-

opmental effects of warfarin and support the need for careful anticoagulation manage-

ment during pregnancy. Continued integration of developmental biology, phar-

macogenomics, and experimental modeling will be essential for improving understand-

ing of warfarin teratogenesis and for developing safer anticoagulant strategies with re-

duced fetal toxicity. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/jdb14030034/s1, Table S1: Pharmacological properties of se-

lected warfarin analogues reported in experimental studies; Table S2: Comprehensive Summary of 

Craniofacial Phenotypes Reported Following Prenatal Warfarin Exposure in Humans; Table S3: 

Comprehensive Summary of Skeletal and Musculoskeletal Abnormalities Reported Following Pre-

natal Warfarin Exposure in Humans; Table S4: Comprehensive Summary of Cardiovascular and 

Respiratory Phenotypes Reported Following Prenatal Warfarin Exposure in Humans; Table S5: 

Comprehensive Summary of Ophthalmologic Phenotypes Reported Following Prenatal Warfarin 

Exposure in Humans; Table S6: Comprehensive Summary of Neurodevelopmental and Central 

Nervous System Phenotypes Reported Following Prenatal Warfarin Exposure in Humans; Table S7: 

Comprehensive Summary of Additional Developmental and Systemic Abnormalities Reported Fol-

lowing Prenatal Warfarin Exposure in Humans. 

Author Contributions: E.M. (Conceptualization, Database search, Data curation, Formal analysis, 

writing—original draft preparation), G.K. (Conceptualization, Database search, Data curation, For-

mal analysis, writing—original draft preparation), and P.G.-L. (Conceptualization, Data curation, 

Formal analysis, Funding acquisition, Project administration, Resources, Supervision, writing—re-

view and editing). All authors have read and agreed to the published version of the manuscript. 

Funding: This study was supported by the 2022 Challenge Grant and 2025 Student SCAC Grants, 

SUNY Oswego, to P.G.L. and E.M. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is 

not applicable to this article. 

Acknowledgments: The authors would like to acknowledge the funding sources that supported 

this study. During the preparation of this manuscript, the authors used ChatGPT, only to assist with 

identifying studies and web-based sources related to warfarin, in addition to those retrieved from 

PubMed, ScienceDirect, Google Scholar, and Scopus. The authors wrote, reviewed, and edited the 

manuscript and accept full responsibility for the accuracy, integrity, and originality of the published 

work. 

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the 

design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-

script; or in the decision to publish the results. 

https://doi.org/10.3390/jdb14030034


J. Dev. Biol. 2026, 14, 34 28 of 32 
 

https://doi.org/10.3390/jdb14030034 

References 

1. National Center for Biotechnology Information. PubChem Compound Summary for CID 54688261, (S)-Warfarin. Available 

online: https://pubchem.ncbi.nlm.nih.gov/compound/S_-Warfarin (accessed on 30 May 2026). 

2. Porter, W.R. Warfarin: History, Tautomerism and Activity. J. Comput. Aided Mol. Des. 2010, 24, 553–573. https://doi.org/10.1007/s10822-

010-9335-7. 

3. Wittkowsky, A.K. Warfarin and Other Coumarin Derivatives: Pharmacokinetics, Pharmacodynamics, and Drug Interactions. 

Semin. Vasc. Med. 2003, 03, 221–230. https://doi.org/10.1055/s-2003-44457. 

4. Wardrop, D.; Keeling, D. The Story of the Discovery of Heparin and Warfarin. Br. J. Haematol. 2008, 141, 757–763. 

https://doi.org/10.1111/j.1365-2141.2008.07119.x. 

5. Kudzi, W.; Ahorhorlu, S.Y.; Dzudzor, B.; Olayemi, E.; Nartey, E.T.; Asmah, R.H. Genetic Polymorphisms of Patients on Stable 

Warfarin Maintenance Therapy in a Ghanaian Population. BMC Res. Notes 2016, 9, 507. https://doi.org/10.1186/s13104-016-2306-x. 

6. Mack, C.A.; Lau, C.; Girardi, L.N. There Is Still No Alternative to Warfarin for Mechanical Valves: It Remains the Most Effective 

Anticoagulant. J. Thorac. Cardiovasc. Surg. 2025, 170, 489–494. https://doi.org/10.1016/j.jtcvs.2024.07.011. 

7. Hassouna, A.; Allam, H. Limited Dose Warfarin throughout Pregnancy in Patients with Mechanical Heart Valve Prosthesis: A 

Meta-Analysis. Interact. Cardiovasc. Thorac. Surg. 2014, 18, 797–806. https://doi.org/10.1093/icvts/ivu009. 

8. Shearer, M.J.; Newman, P. Recent Trends in the Metabolism and Cell Biology of Vitamin K with Special Reference to Vitamin 

K Cycling and MK-4 Biosynthesis. J. Lipid Res. 2014, 55, 345–362. https://doi.org/10.1194/jlr.R045559. 

9. Shearer, M.J.; Okano, T. Key Pathways and Regulators of Vitamin K Function and Intermediary Metabolism. Annu. Rev. Nutr. 

2018, 38, 127–151. https://doi.org/10.1146/annurev-nutr-082117-051741. 

10. Presnell, S.R.; Stafford, D.W. The Vitamin K-Dependent Carboxylase. Thromb. Haemost. 2002, 87, 937–946. 

11. Rishavy, M.A.; Berkner, K.L. Vitamin K Oxygenation, Glutamate Carboxylation, and Processivity: Defining the Three Critical 

Facets of Catalysis by the Vitamin K–Dependent Carboxylase. Adv. Nutr. 2012, 3, 135–148. https://doi.org/10.3945/an.111.001719. 

12. Bi, Y.-A.; Lin, J.; Mathialagan, S.; Tylaska, L.; Callegari, E.; Rodrigues, A.D.; Varma, M.V. S. Role of Hepatic Organic Anion 

Transporter 2 in the Pharmacokinetics of R- and S-Warfarin: In Vitro Studies and Mechanistic Evaluation. Mol. Pharm. 2018, 15, 

1284–1295. https://doi.org/10.1021/acs.molpharmaceut.7b01108. 

13. Yang, M.-S.; Yu, C.-P.; Chao, P.-D.L.; Lin, S.-P.; Hou, Y.-C. R- and S-Warfarin Were Transported by Breast Cancer Resistance Protein: 

From In Vitro to Pharmacokinetic-Pharmacodynamic Studies. J. Pharm. Sci. 2017, 106, 1419–1425. 

https://doi.org/10.1016/j.xphs.2017.01.012. 

14. Breckenridge, A.; Orme, M. Kinetics of Warfarin Absorption in Man. Clin. Pharmacol. Ther. 1973, 14, 955–961. 

https://doi.org/10.1002/cpt1973146955. 

15. Daly, A.K. Pharmacogenetics of Oral Anticoagulants. Pers. Med. 2005, 2, 23–27. https://doi.org/10.1517/17410541.2.1.23. 

16. Beinema, M.; Brouwers, J.R. B. J.; Schalekamp, T.; Wilffert, B. Pharmacogenetic Differences between Warfarin, Acenocoumarol 

and Phenprocoumon. Thromb. Haemost. 2008, 100, 1052–1057. 

17. Wu, S.; Chen, X.; Jin, D.-Y.; Stafford, D.W.; Pedersen, L.G.; Tie, J.-K. Warfarin and Vitamin K Epoxide Reductase: A Molecular 

Accounting for Observed Inhibition. Blood 2018, 132, 647–657. https://doi.org/10.1182/blood-2018-01-830901. 

18. Goulois, J.; Chapuzet, A.; Lambert, V.; Chatron, N.; Tchertanov, L.; Legros, L.; Benoît, E.; Lattard, V. Evidence of a Target Re-

sistance to Antivitamin K Rodenticides in the Roof Rat Rattus Rattus: Identification and Characterisation of a Novel Y25F Mu-

tation in the Vkorc1 Gene. Pest. Manag. Sci. 2016, 72, 544–550. https://doi.org/10.1002/ps.4020. 

19. Vitale, N.; De Feo, M.; De Santo, L.S.; Pollice, A.; Tedesco, N.; Cotrufo, M. Dose-Dependent Fetal Complications of Warfarin in Preg-

nant Women with Mechanical Heart Valves. J. Am. Coll. Cardiol. 1999, 33, 1637–1641. https://doi.org/10.1016/s0735-1097(99)00044-3. 

20. Ansell, J.; Hirsh, J.; Hylek, E.; Jacobson, A.; Crowther, M.; Palareti, G. Pharmacology and Management of the Vitamin K Antag-

onists: American College of Chest Physicians Evidence-Based Clinical Practice Guidelines (8th Edition). Chest 2008, 133, 160S–

198S. https://doi.org/10.1378/chest.08-0670. 

21. Hirsh, J.; Fuster, V.; Ansell, J.; Halperin, J.L. American Heart Association/American College of Cardiology Foundation Guide to 

Warfarin Therapy. Circulation 2003, 107, 1692–1711. https://doi.org/10.1161/01.CIR.0000063575.17904.4E. 

22. Coumadin (Warfarin Sodium) Tablets Label. Available online: https://www.accessdata.fda.gov/drugsatfda_docs/la-

bel/2011/009218s107lbl.pdf (accessed on 14 December 2025). 

23. Chan, Y.C.; Valenti, D.; Mansfield, A.O.; Stansby, G. Warfarin Induced Skin Necrosis. BJS Br. J. Surg. 2000, 87, 266–272. 

https://doi.org/10.1046/j.1365-2168.2000.01352.x. 

24. Nazarian, R.M.; Van Cott, E.M.; Zembowicz, A.; Duncan, L.M. Warfarin-Induced Skin Necrosis. J. Am. Acad. Dermatol. 2009, 61, 

325–332. https://doi.org/10.1016/j.jaad.2008.12.039. 

https://doi.org/10.3390/jdb14030034


J. Dev. Biol. 2026, 14, 34 29 of 32 
 

https://doi.org/10.3390/jdb14030034 

25. Gibson, P.S.; Powrie, R. Anticoagulants and Pregnancy: When Are They Safe? Clevel. Clin. J. Med. 2009, 76, 113–127. 

https://doi.org/10.3949/ccjm.75a.072272. 

26. Hall, J.G.; Pauli, R.M.; Wilson, K.M. Maternal and Fetal Sequelae of Anticoagulation during Pregnancy. Am. J. Med. 1980, 68, 

122–140. https://doi.org/10.1016/0002-9343(80)90181-3. 

27. Pauli, R.M.; Lian, J.B.; Mosher, D.F.; Suttie, J.W. Association of Congenital Deficiency of Multiple Vitamin K-Dependent Coag-

ulation Factors and the Phenotype of the Warfarin Embryopathy: Clues to the Mechanism of Teratogenicity of Coumarin De-

rivatives. Am. J. Hum. Genet. 1987, 41, 566–583. 

28. Chan, W.S.; Anand, S.; Ginsberg, J.S. Anticoagulation of Pregnant Women with Mechanical Heart Valves: A Systematic Review 

of the Literature. Arch. Intern. Med. 2000, 160, 191–196. https://doi.org/10.1001/archinte.160.2.191. 

29. Stevenson, R.E.; Burton, O.M.; Ferlauto, G.J.; Taylor, H.A. Hazards of Oral Anticoagulants during Pregnancy. JAMA 1980, 243, 1549–

1551. 

30. Howe, A.M.; Lipson, A.H.; de Silva, M.; Ouvrier, R.; Webster, W.S. Severe Cervical Dysplasia and Nasal Cartilage Calcification Fol-

lowing Prenatal Warfarin Exposure. Am. J. Med. Genet. 1997, 71, 391–396. https://doi.org/10.1002/(sici)1096-

8628(19970905)71:4<391::aid-ajmg4>3.0.co;2-x. 

31. Chan, K.Y.; Gilbert-Barness, E.; Tiller, G. Warfarin Embryopathy. Pediatr. Pathol. Mol. Med. 2003, 22, 277–283. 

https://doi.org/10.1080/pdp.22.4.277.283. 

32. Harrod, M.J.; Sherrod, P.S. Warfarin Embryopathy in Siblings. Obstet. Gynecol. 1981, 57, 673–676. 

33. Sherman, S.; Hall, B.D. Warfarin and Fetal Abnormality. Lancet 1976, 307, 692. https://doi.org/10.1016/s0140-6736(76)92804-x. 

34. Birbal, R.; Olaniyi, O.; Clarke, P. Extreme Preterm Neonate with Fetal Warfarin Syndrome. Arch. Dis. Child.-Fetal Neonatal Ed. 

2023, 108, 293–294. https://doi.org/10.1136/archdischild-2021-323295. 

35. Tongsong, T.; Wanapirak, C.; Piyamongkol, W. Prenatal Ultrasonographic Findings Consistent with Fetal Warfarin Syndrome. 

J. Ultrasound Med. 1999, 18, 577–580. https://doi.org/10.7863/jum.1999.18.8.577. 

36. Hou, J.-W. Fetal Warfarin Syndrome. Chang Gung Med. J. 2004, 27, 691–695. 

37. Raghav, S.; Reutens, D. Neurological Sequelae of Intrauterine Warfarin Exposure. J. Clin. Neurosci. 2007, 14, 99–103. 

https://doi.org/10.1016/j.jocn.2006.03.031. 

38. Ferreira, S.; Costa, R.; Malveiro, D.; Vieira, F.; Tuna, M. Warfarin Embryopathy: Balancing Maternal and Fetal Risks with Anti-

coagulation Therapy. Pediatr. Neonatol. 2018, 59, 534–535. https://doi.org/10.1016/j.pedneo.2018.02.005. 

39. Mehndiratta, S.; Suneja, A.; Gupta, B.; Bhatt, S. Fetotoxicity of Warfarin Anticoagulation. Arch. Gynecol. Obstet. 2010, 282, 335–337. 

https://doi.org/10.1007/s00404-010-1369-5. 

40. Vilhena, C.; Gameiro, C.; Tomás, C.; Santos, A.; Ilgenfritz, R. Warfarin-Associated Diaphragmatic Hernia: An Unusual Diagno-

sis. Case Rep. Obstet. Gynecol. 2015, 2015, 987940. https://doi.org/10.1155/2015/987940. 

41. Dilli, D.; Oğuz, S.; Dilmen, U. A Case of Congenital Warfarin Syndrome Due to Maternal Drug Administration during the 

Pregnancy. Genet. Couns. 2011, 22, 221–226. 

42. Basu, S.; Aggarwal, P.; Kakani, N.; Kumar, A. Low-Dose Maternal Warfarin Intake Resulting in Fetal Warfarin Syndrome: In 

Search for a Safe Anticoagulant Regimen during Pregnancy. Birth Defects Res. Part A Clin. Mol. Teratol. 2016, 106, 142–147. 

https://doi.org/10.1002/bdra.23435. 

43. Gupta, P.; Kumar, S.; Roy, K.K.; Sharma, J.B.; Singh, N. Prenatal Diagnosis of Warfarin Embryopathy Using Three-Dimensional 

Ultrasound. Int. J. Gynaecol. Obstet. 2010, 111, 184–185. https://doi.org/10.1016/j.ijgo.2010.06.018. 

44. Songmen, S.; Panta, O.B.; Paudel, S.S.; Ghimire, R.K. Chondrodysplasia Punctata: A Case Report of Fetal Warfarin Syndrome. 

J. Nepal Health Res. Counc. 2017, 15, 81–84. https://doi.org/10.3126/jnhrc.v15i1.18026. 

45. Barr, M.; Burdi, A.R. Warfarin-Associated Embryopathy in a 17-Week-Old Abortus. Teratology 1976, 14, 129–134. 

https://doi.org/10.1002/tera.1420140203. 

46. Pati, S.; Helmbrecht, G.D. Congenital Schizencephaly Associated with in utero Warfarin Exposure. Reprod. Toxicol. 1994, 8, 115–

120. https://doi.org/10.1016/0890-6238(94)90018-3. 

47. Wainwright, H.; Beighton, P. Warfarin Embryopathy: Fetal Manifestations. Virchows Arch. 2010, 457, 735–739. 

https://doi.org/10.1007/s00428-010-0982-9. 

48. Starling, L.D.; Sinha, A.; Boyd, D.; Furck, A. Fetal Warfarin Syndrome. BMJ Case Rep. 2012, 2012, bcr2012007344. 

https://doi.org/10.1136/bcr-2012-007344. 

49. Shil, A.; Garg, K.; Rakshit, A.K. A Case of Adverse Effect of Warfarin Therapy in Early Pregnancy—A Rare Observation. Indian 

J. Perinatol. Reprod. Biol. 2020, 10, 25–27. 

https://doi.org/10.3390/jdb14030034


J. Dev. Biol. 2026, 14, 34 30 of 32 
 

https://doi.org/10.3390/jdb14030034 

50. Lee, H.-C.; Cho, S.Y.; Lee, H.J.; Kim, C.J.; Park, J.S.; Chi, J.G. Warfarin-Associated Fetal Intracranial Hemorrhage: A Case Report. 

J. Korean Med. Sci. 2003, 18, 764–767. https://doi.org/10.3346/jkms.2003.18.5.764. 

51. Matar, L.; Elsaba, Y. Warfarin- and Aspirin-Associated Fetal Intracranial Haemorrhage. Hamdan Med. J. 2016, 9, 85. 

https://doi.org/10.7707/hmj.450. 

52. Shan, D.; Ji, Y.; Hu, Y.; Li, T. Treasure to the Mother and Threat to the Fetus: Case Report of Warfarin-Associated Fetal Intracra-

nial Hemorrhage and Review of Literature. J. Int. Med. Res. 2023, 51, https://doi.org/10.1177/03000605231192773. 

53. Howe, K.; Clark, M.D.; Torroja, C.F.; Torrance, J.; Berthelot, C.; Muffato, M.; Collins, J.E.; Humphray, S.; McLaren, K.; Matthews, 

L.; et al. The Zebrafish Reference Genome Sequence and Its Relationship to the Human Genome. Nature 2013, 496, 498–503. 

https://doi.org/10.1038/nature12111. 

54. Kimmel, C.B.; Ballard, W.W.; Kimmel, S.R.; Ullmann, B.; Schilling, T.F. Stages of Embryonic Development of the Zebrafish. Dev. 

Dyn. 1995, 203, 253–310. https://doi.org/10.1002/aja.1002030302. 

55. Weigt, S.; Huebler, N.; Strecker, R.; Braunbeck, T.; Broschard, T.H. Developmental Effects of Coumarin and the Anticoagulant Cou-

marin Derivative Warfarin on Zebrafish (Danio rerio) Embryos. Reprod. Toxicol. 2012, 33, 133–141. https://doi.org/10.1016/j.repro-

tox.2011.07.001. 

56. Strecker, R. Toxicity and Teratogenesis in Zebrafish Embryos (Danio rerio). Ph.D. Thesis, University of Heidelberg, Heidelberg, 

Germany, January 2013. https://doi.org/10.11588/heidok.00014839. 

57. Granadeiro, L.; Dirks, R.P.; Ortiz-Delgado, J.B.; Gavaia, P.J.; Sarasquete, C.; Laizé, V.; Cancela, M.L.; Fernández, I. Warfarin-Exposed 

Zebrafish Embryos Resembles Human Warfarin Embryopathy in a Dose and Developmental-Time Dependent Manner—From Mo-

lecular Mechanisms to Environmental Concerns. Ecotoxicol. Environ. Saf. 2019, 181, 559–571. 

https://doi.org/10.1016/j.ecoenv.2019.06.042. 

58. Liu, S.; Kawanishi, T.; Shimada, A.; Nukada, Y.; Miyazawa, M.; Takeda, H.; Tasaki, J. Chemical-Induced Heart Defects Using a 

Transgenic Zebrafish Model. Toxicol. Sci. 2025, 207, 57–73. https://doi.org/10.1093/toxsci/kfaf083. 

59. Fernández, I.; Santos, A.; Cancela, M.L.; Laizé, V.; Gavaia, P.J. Warfarin, a Potential Pollutant in Aquatic Environment Acting 

through Pxr Signaling Pathway and γ-Glutamyl Carboxylation of Vitamin K-Dependent Proteins. Environ. Pollut. 2014, 194, 86–

95. https://doi.org/10.1016/j.envpol.2014.07.015. 

60. Veltmann, J.R.; Ross, E.; Olbrich, S.E. The Physiological Effects of Feeding Warfarin to Poultry. Poult. Sci. 1981, 60, 2603–2611. 

https://doi.org/10.3382/ps.0602603. 

61. Howe, A.M.; Webster, W.S. Exposure of the Pregnant Rat to Warfarin and Vitamin K1: An Animal Model of Intraventricular 

Hemorrhage in the Fetus. Teratology 1990, 42, 413–420. https://doi.org/10.1002/tera.1420420410. 

62. Howe, A.M.; Webster, W.S. The Warfarin Embryopathy: A Rat Model Showing Maxillonasal Hypoplasia and Other Skeletal 

Disturbances. Teratology 1992, 46, 379–390. https://doi.org/10.1002/tera.1420460408. 

63. Abdulsamad, R.; Kata, F.; Sawad, A. The Effect of Warfarin on Skeleton Development of Fetuses’ Rats. J. Popul. Ther. Clin. 

Pharmacol. 2023, 30, 184–189. https://doi.org/10.47750/jptcp.2023.30.07.023. 

64. Feteih, R.; Tassinari, M.S.; Lian, J.B. Effect of Sodium Warfarin on Vitamin K-Dependent Proteins and Skeletal Development in 

the Rat Fetus. J. Bone Miner. Res. 1990, 5, 885–894. https://doi.org/10.1002/jbmr.5650050813. 

65. Chetot, T.; Taufana, S.; Benoit, E.; Lattard, V. Vitamin K Antagonist Rodenticides Display Different Teratogenic Activity. Reprod. 

Toxicol. 2020, 93, 131–136. https://doi.org/10.1016/j.reprotox.2020.02.003. 

66. Kulman, J.D.; Harris, J.E.; Xie, L.; Davie, E.W. Identification of Two Novel Transmembrane Gamma-Carboxyglutamic Acid Proteins 

Expressed Broadly in Fetal and Adult Tissues. Proc. Natl. Acad. Sci. USA 2001, 98, 1370–1375. https://doi.org/10.1073/pnas.98.4.1370. 

67. Zhu, A.; Sun, H.; Raymond, R.; Furie, B.; Furie, B.; Bronstein, M.; Kaufman, R.; Westrick, R.; Ginsburg, D. Fatal Hemorrhage in 

Mice Lacking -Glutamyl Carboxylase. Blood 2007, 109, 5270–5275. https://doi.org/10.1182/blood-2006-12-064188. 

68. Rost, S.; Fregin, A.; Ivaskevicius, V.; Conzelmann, E.; Hörtnagel, K.; Pelz, H.-J.; Lappegard, K.; Seifried, E.; Scharrer, I.; 

Tuddenham, E.G. D.; et al. Mutations in VKORC1 Cause Warfarin Resistance and Multiple Coagulation Factor Deficiency Type 

2. Nature 2004, 427, 537–541. https://doi.org/10.1038/nature02214. 

69. Vermeer, C. Gamma-Carboxyglutamate-Containing Proteins and the Vitamin K-Dependent Carboxylase. Biochem. J. 1990, 266, 

625–636. https://doi.org/10.1042/bj2660625. 

70. Price, P.A.; Williamson, M.K. Primary Structure of Bovine Matrix Gla Protein, a New Vitamin K-Dependent Bone Protein. J. 

Biol. Chem. 1985, 260, 14971–14975. 

71. Watzka, M.; Geisen, C.; Scheer, M.; Wieland, R.; Wiegering, V.; Dörner, T.; Laws, H.-J.; Gümrük, F.; Hanalioglu, S.; Unal, S.; et 

al. Bleeding and Non-Bleeding Phenotypes in Patients with GGCX Gene Mutations. Thromb. Res. 2014, 134, 856–865. 

https://doi.org/10.1016/j.thromres.2014.07.004. 

https://doi.org/10.3390/jdb14030034


J. Dev. Biol. 2026, 14, 34 31 of 32 
 

https://doi.org/10.3390/jdb14030034 

72. Coughlin, S.R. Thrombin Signalling and Protease-Activated Receptors. Nature 2000, 407, 258–264. https://doi.org/10.1038/35025229. 

73. Connolly, J.B.; Roberts, I.J.; Armstrong, J.D.; Kaiser, K.; Forte, M.; Tully, T.; O’Kane, C.J. Associative Learning Disrupted by Im-

paired Gs Signaling in Drosophila Mushroom Bodies. Science 1996, 274, 2104–2107. https://doi.org/10.1126/science.274.5295.2104. 

74. Varnum, B.C.; Young, C.; Elliott, G.; Garcia, A.; Bartley, T.D.; Fridell, Y.W.; Hunt, R.W.; Trail, G.; Clogston, C.; Toso, R.J. Axl 

Receptor Tyrosine Kinase Stimulated by the Vitamin K-Dependent Protein Encoded by Growth-Arrest-Specific Gene 6. Nature 

1995, 373, 623–626. https://doi.org/10.1038/373623a0. 

75. Ohashi, K.; Nagata, K.; Toshima, J.; Nakano, T.; Arita, H.; Tsuda, H.; Suzuki, K.; Mizuno, K. Stimulation of Sky Receptor Tyrosine 

Kinase by the Product of Growth Arrest-Specific Gene 6. J. Biol. Chem. 1995, 270, 22681–22684. https://doi.org/10.1074/jbc.270.39.22681. 

76. Hafizi, S.; Dahlbäck, B. Gas6 and Protein S. Vitamin K-Dependent Ligands for the Axl Receptor Tyrosine Kinase Subfamily. 

FEBS J. 2006, 273, 5231–5244. https://doi.org/10.1111/j.1742-4658.2006.05529.x. 

77. Fan, T. Vitamin K1-Dependent Growth Regulatory Pathways During Embryogenesis. Master’s Thesis, The University of Man-

itoba, Winnipeg, MB, Canada, May 1998. 

78. Saxena, S.P.; Fan, T.; Li, M.; Israels, E.D.; Israels, L.G. A Novel Role for Vitamin K1 in a Tyrosine Phosphorylation Cascade 

during Chick Embryogenesis. J. Clin. Investig. 1997, 99, 602–607. https://doi.org/10.1172/JCI119202. 

79. Tabb, M.M.; Sun, A.; Zhou, C.; Grün, F.; Errandi, J.; Romero, K.; Pham, H.; Inoue, S.; Mallick, S.; Lin, M.; et al. Vitamin K2 

Regulation of Bone Homeostasis Is Mediated by the Steroid and Xenobiotic Receptor SXR. J. Biol. Chem. 2003, 278, 43919–43927. 

https://doi.org/10.1074/jbc.M303136200. 

80. Sundaram, K.S.; Lev, M. Warfarin Administration Reduces Synthesis of Sulfatides and Other Sphingolipids in Mouse Brain. J. 

Lipid Res. 1988, 29, 1475–1479. 

81. Groebe, K.; Hayess, K.; Klemm-Manns, M.; Schwall, G.; Wozny, W.; Steemans, M.; Peters, A.K.; Sastri, C.; Jaeckel, P.; Stegmann, 

W.; et al. Unexpected Common Mechanistic Pathways for Embryotoxicity of Warfarin and Lovastatin. Reprod. Toxicol. 2010, 30, 

121–130. https://doi.org/10.1016/j.reprotox.2010.05.006. 

82. Scheffzek, K.; Shivalingaiah, G. Ras-Specific GTPase-Activating Proteins-Structures, Mechanisms, and Interactions. Cold Spring 

Harb. Perspect. Med. 2019, 9, a031500. https://doi.org/10.1101/cshperspect.a031500. 

83. Kirane, A.; Ludwig, K.F.; Sorrelle, N.; Haaland, G.; Sandal, T.; Ranaweera, R.; Toombs, J.E.; Wang, M.; Dineen, S.P.; Micklem, 

D.; et al. Warfarin Blocks Gas6-Mediated Axl Activation Required for Pancreatic Cancer Epithelial Plasticity and Metastasis. 

Cancer Res. 2015, 75, 3699–3705. https://doi.org/10.1158/0008-5472.CAN-14-2887-T. 

84. Narumi, R.; Liu, S.; Ikeda, N.; Morita, O.; Tasaki, J. Chemical-Induced Cleft Palate Is Caused and Rescued by Pharmacological 

Modulation of the Canonical Wnt Signaling Pathway in a Zebrafish Model. Front. Cell Dev. Biol. 2020, 8, 592967. 

https://doi.org/10.3389/fcell.2020.592967. 

85. Beazley, K.E.; Banyard, D.; Lima, F.; Deasey, S.C.; Nurminsky, D.I.; Konoplyannikov, M.; Nurminskaya, M.V. Transglutaminase 

Inhibitors Attenuate Vascular Calcification in a Preclinical Model. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 43–51. 

https://doi.org/10.1161/ATVBAHA.112.300260. 

86. Beazley, K.E.; Deasey, S.; Lima, F.; Nurminskaya, M.V. Transglutaminase 2-Mediated Activation of β-Catenin Signaling Has a Critical 

Role in Warfarin-Induced Vascular Calcification. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 123–130. https://doi.org/10.1161/AT-

VBAHA.111.237834. 

87. Shearer, M.J. Vitamin K Deficiency Bleeding (VKDB) in Early Infancy. Blood Rev. 2009, 23, 49–59. 

https://doi.org/10.1016/j.blre.2008.06.001. 

88. Tie, J.K.; Stafford, D.W. Structural and Functional Insights into Enzymes of the Vitamin K Cycle. J. Thromb. Haemost. 2016, 14, 

236–247. https://doi.org/10.1111/jth.13217. 

89. Gibson, C.S.; Monagle, P. Anticoagulant therapy in pregnancy and fetal effects. Thromb. Res. 2010, 126, 191–196. 

90. Danziger, J. Vitamin K-dependent proteins, warfarin, and vascular calcification. Clin. J. Am. Soc. Nephrol. 2008, 3, 1504–1510. 

https://doi.org/10.2215/CJN.00770208. 

91. Price, P.A.; Williamson, M.K.; Haba, T. Matrix Gla protein antagonizes bone morphogenetic protein-4–induced osteogenesis. J. 

Biol. Chem. 1998, 273, 6885–6888. 

92. Luo, G.; Ducy, P.; McKee, M.D.; Pinero, G.J.; Loyer, E.; Behringer, R.R.; Karsenty, G. Spontaneous Calcification of Arteries and 

Cartilage in Mice Lacking Matrix GLA Protein. Nature 1997, 386, 78–81. https://doi.org/10.1038/386078a0. 

93. Lee, N.K.; Sowa, H.; Hinoi, E.; Ferron, M.; Ahn, J.D.; Confavreux, C.; Dacquin, R.; Mee, P.J.; McKee, M.D.; Jung, D.Y.; et al. 

Endocrine Regulation of Energy Metabolism by the Skeleton. Cell 2007, 130, 456–469. https://doi.org/10.1016/j.cell.2007.05.047. 

94. Tie, J.K.; Nicchitta, C.; von Gunten, M.; Stafford, D.W. Membrane topology mapping of vitamin K epoxide reductase by in vitro 

translation/cotranslocation. J. Biol. Chem. 2005, 280, 16410–16416. https://doi.org/10.1074/jbc.M500765200. 

https://doi.org/10.3390/jdb14030034


J. Dev. Biol. 2026, 14, 34 32 of 32 
 

https://doi.org/10.3390/jdb14030034 

95. Manfioletti, G.; Brancolini, C.; Avanzi, G.; Schneider, C. The Protein Encoded by a Growth Arrest-Specific Gene (gas6) Is a New 

Member of the Vitamin K-Dependent Proteins Related to Protein S, a Negative Coregulator in the Blood Coagulation Cascade. 

Mol. Cell. Biol. 1993, 13, 4976–4985. https://doi.org/10.1128/mcb.13.8.4976-4985.1993. 

96. Prieto, A.L., Weber, J.L., Tracy, S., Heeb, M.J., Lai, C. Gas6, a ligand for the receptor protein-tyrosine kinase Tyro-3, is widely 

expressed in the central nervous system. Brain Res. 1999, 816, 646-661. https://doi.org/10.1016/s0006-8993(98)01159-7. 
97. Prieto, A.L.; Weber, J.L.; Lai, C. Expression of the Receptor Protein-Tyrosine Kinases Tyro-3, Axl, and Mer in the Developing 

Rat Central Nervous System. J. Comp. Neurol. 2000, 425, 295–314. 

98. Lemke, G.; Rothlin, C.V. Immunobiology of the TAM Receptors. Nat. Rev. Immunol. 2008, 8, 327–336. https://doi.org/10.1038/nri2303. 

99. Clevers, H. Wnt/Beta-Catenin Signaling in Development and Disease. Cell 2006, 127, 469–480. https://doi.org/10.1016/j.cell.2006.10.018. 

100. Ren, P.; Stark, P.Y.; Johnson, R.L.; Bell, R.G. Mechanism of Action of Anticoagulants: Correlation between the Inhibition of Pro-

thrombin Synthesis and the Regeneration of Vitamin K1 from Vitamin K1 Epoxide. J. Pharmacol. Exp. Ther. 1977, 201, 541–546. 

101. Franchini, M. Heparin-Induced Thrombocytopenia: An Update. Thromb. J. 2005, 3, 14. https://doi.org/10.1186/1477-9560-3-14. 

102. Lim, G.B. Discovery and Purification of Heparin. Nat. Rev. Cardiol. 2017. https://doi.org/10.1038/nrcardio.2017.171. 

103. Bates, S.M.; Rajasekhar, A.; Middeldorp, S.; McLintock, C.; Rodger, M.A.; James, A.H.; Vazquez, S.R.; Greer, I.A.; Riva, J.J.; Bhatt, 

M.; et al. American Society of Hematology 2018 Guidelines for Management of Venous Thromboembolism: Venous Thrombo-

embolism in the Context of Pregnancy. Blood Adv. 2018, 2, 3317–3359. https://doi.org/10.1182/bloodadvances.2018024802. 

104. Gibson, P.S.; Powrie, R. Anticoagulation in pregnancy: A review of current evidence. Semin. Perinatol. 2009, 33, 47–55. 

105. Otto, C.M.; Nishimura, R.A.; Bonow, R.O.; Carabello, B.A.; Erwin, J.P.; Gentile, F.; Jneid, H.; Krieger, E.V.; Mack, M.; McLeod, C.; et al. 

2020 ACC/AHA Guideline for the Management of Patients with Valvular Heart Disease: A Report of the American College of Cardi-

ology/American Heart Association Joint Committee on Clinical Practice Guidelines. Circulation 2021, 143, e72–e227. 

https://doi.org/10.1161/CIR.0000000000000923. 

106. Vahanian, A.; Beyersdorf, F.; Praz, F.; Milojevic, M.; Baldus, S.; Baursachs, J.; Capodanno, D.; Conradi, L.; De Bonis, M.; De 

Paulis, R.; et al. 2021 ESC/EACTS Guidelines for the management of valvular heart disease: Developed by the Task Force for 

the management of valvular heart disease of the European Society of Cardiology (ESC) and the European Association for Car-

dio-Thoracic Surgery (EACTS). Eur. Heart J. 2022, 43, 561–632. https://doi.org/10.1093/eurheartj/ehab395. 

107. Eikelboom, J.W.; Connolly, S.J.; Brueckmann, M.; Granger, C.B.; Kappetein, A.P.; Mack, M.J.; Blatchford, J.; Devenny, K.; Fried-

man, J.; Guiver, K.; et al. Dabigatran Versus Warfarin in Patients with Mechanical Heart Valves. N. Engl. J. Med. 2013, 369, 1206–

1214. https://doi.org/10.1056/NEJMoa1300615. 

108. Connolly, S.J.; Ezekowitz, M.D.; Yusuf, S.; Eikelboom, J.; Oldgren, J.; Parekh, A.; Pogue, J.; Reilly, P.A.; Themeles, E.; Varrone, 

J.; et al. Dabigatran versus Warfarin in Patients with Atrial Fibrillation. N. Engl. J. Med. 2009, 361, 1139–1151. 

https://doi.org/10.1056/NEJMoa0905561. 

109. Kerr, J.S.; Li, H.Y.; Wexler, R.S.; Robinson, A.J.; Robinson, C.S.; Boswell, G.A.; Krauthauser, C.; Harlow, P.P. The Characteriza-

tion of Potent Novel Warfarin Analogs. Thromb. Res. 1997, 88, 127–136. https://doi.org/10.1016/s0049-3848(97)00224-7. 

110. Obaseki, A.O.; Coker, H.B. The Anticoagulant Activity of Some Selected Warfarin Analogues. J. Pharm. Pharmacol. 1987, 39, 142–

144. https://doi.org/10.1111/j.2042-7158.1987.tb06964.x. 

111. Zhang, Z.Y.; Kerr, J.; Wexler, R.S.; Li, H.Y.; Robinson, A.J.; Harlow, P.P.; Kaminsky, L.S. Warfarin Analog Inhibition of Human 

CYP2C9-Catalyzed S-Warfarin 7-Hydroxylation. Thromb. Res. 1997, 88, 389–398. https://doi.org/10.1016/s0049-3848(97)00270-3. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

https://doi.org/10.3390/jdb14030034

