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Abstract

:

Vitamin K antagonists (VKAs) are used in the prophylaxis and treatment of thromboembolic disorders. Despite a high efficacy, their narrow therapeutic window and high response variability hamper their management. Several patients experience fluctuations in dose–response and are at increased risk of over- or under-anticoagulation. Therefore, it is essential to monitor the prothrombin time/international normalized ratio to determine the so-called stable dose and to adjust the dosage accordingly. Three polymorphisms, CYP2C9∗2, CYP2C9∗3 and VKORC1-1639G>A, are associated with increased sensitivity to VKAs. Other polymorphisms are associated with a request for a higher dose and VKA resistance. We described the clinical cases of two patients who were referred to the Clinical Pharmacology and Pharmacogenetics Unit of the University Hospital of Salerno for pharmacological counseling. One of them showed hypersensitivity and the other one was resistant to VKAs. A systematic review was performed to identify randomized clinical trials investigating the impact of pharmacogenetic testing on increased sensitivity and resistance to VKAs. Although international guidelines are available and information on the genotype-guided dosing approach has been included in VKA drug labels, VKA pharmacogenetic testing is not commonly required. The clinical cases and the results of the systematically reviewed RCTs demonstrate that the pharmacogenetic-based VKA dosing model represents a valuable resource for reducing VKA-associated adverse events.
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1. Introduction


Vitamin K antagonists (VKAs), warfarin and acenocoumarol are widely used in the prophylaxis and treatment of thromboembolic disorders and are still now the only oral anticoagulants approved for patients undergoing heart valve replacement [1]. VKAs inhibit the vitamin K–epoxide–reductase complex 1 (VKORC1) with a subsequent reduction in the gamma-carboxylation needed to activate the coagulation factors II, VII, IX, and X. CYP2C9 is the enzymatic isoform of the CYP450 mainly involved in the metabolism of VKAs. These drugs are very efficacious but their narrow therapeutic window and high response variability hamper their management. Therefore, it is essential to perform regular testing of prothrombin time (PT)/international normalized ratio (INR) to determine the so-called “stable” dose and to adjust the therapy accordingly [2]. This is crucial because several patients experience fluctuations in dose–response, which expose them to an increased risk of thromboembolic events (with INR values less than 2.0) or bleeding (with INR values higher than 4.0) [3,4]. The variability in dose requirements can be explained by a combination of several factors, such as age, body weight, diet, concomitant medication, and comorbid conditions [5]. Besides these and other variables, three single-nucleotide polymorphisms (SNPs) are involved in the metabolism (i.e., CYP2C9*2, rs1799853 and *3, rs1057910) and pharmacodynamics (i.e., VKORC1-1639G>A and rs9923231) and can influence the response to VKAs. CYP2C9*2 and CYP2C9*3 are loss of function alleles (LoF) associated with a reduction in VKA metabolism and VKORC1 -1639G>A to a reduced expression of VKORC1, which is the molecular target inhibited by the VKAs [6]. Patients harboring these SNPs show increased sensitivity to the treatment requiring a lower dose compared to the standard one [5,7,8]. While factors determining an increased sensitivity to VKAs (associated with INR>4 until bleeding) have been largely investigated, leading to the development of pharmacogenetic algorithms such as that established by the Clinical Pharmacogenetics Implementation Consortium (CPIC) [9], less is known about the mechanisms involved in VKA resistance (associated with INR < 2 until thromboembolic events). The polymorphism CYP4F2*3 (c.1297C>T, rs2108622), which is associated with reduced CYP4F2 activity with a consequent reduction in the VK1 metabolism, has been related to a requirement of increased dose of VKAs and added in some algorithms [9,10,11]. Besides CYP4F2*3, other polymorphisms in genes involved in transport (e.g., ABCB13435C>T, rs1045642), metabolism (e.g., UGT1A1 (TA)n, rs8175347), and pharmacodynamics (e.g., VKORC13730G>A, rs7294) of VKAs have been associated with a requirement of higher dose compared to the standard one [12,13]. ABCB13435C>T (rs1045642) in the gene encoding the ATP-binding cassette, subfamily B, member 1 transporter, has been suggested to increase the efflux of VKAs [8,12]. Furthermore, UGT1A1 (TA)n polymorphism (rs8175347) in the uridine diphosphate glucuronosyltransferase (UGT) gene can be associated with lower R-7-hydroxywarfarin glucuronidation, and the requirement of higher doses of VKAs [14,15]. Another SNP described to be associated with a requirement of an increased dose of VKAs is the VKORC13730G>A (rs7294) [16]. In this study, two clinical cases, exemplifying an opposite response to VKAs, are described and a systematic review is performed to assess the evidence on the usefulness of the pharmacogenetic (PGx) testing in improving the treatments with VKAs to avoid clinical consequences of both increased sensitivity and resistance.




2. Materials and Methods


In this study, we describe the clinical cases of two patients who were referred to the Clinical Pharmacology and Pharmacogenetics Unit of the University Hospital of Salerno for pharmacological counseling. One of them showed hypersensitivity and the other one was resistant to VKAs. A systematic review was performed to identify randomized clinical trials (RCTs) investigating the impact of PGx testing on response to VKAs and focusing on increased sensitivity and resistance to such oral anticoagulants.



Search Strategy of the Systematic Review


The search was carried out according to the preferred reporting items for systematic reviews and meta-analyses (PRISMA) protocol. The following medical subject headings (MeSH) terms with Boolean operators “AND” were used: warfarin AND sensitivity AND genotyping; warfarin AND polymorphisms AND sensitivity; VKA AND sensitivity AND genotyping; Vitamin k antagonist AND sensitivity AND genotyping; warfarin AND polymorphisms AND dose; warfarin AND resistance AND genotyping; warfarin AND polymorphisms AND resistance; VKA AND resistance AND genotyping; and Vitamin k antagonist AND resistance AND genotyping.



PubMed, Scopus and Cochrane databases were searched from January 1, 2015 up to July 1, 2022. Only the RCTs comparing a genotype-guided (GG) dosing group and a clinical-guided (CG) dosing group were included. Another inclusion criterion was the analysis of at least CYP2C9*2 and CYP2C9*3 LoF alleles and VKORC1-1639G>A to evaluate VKA increased sensitivity, and at least one polymorphism associated with a request for increased VKA dosage (e.g., VKORC1 3730G>A or CYP4F2*3) to evaluate VKA resistance. The studies enrolling Asian patients, in view of the extremely low allelic frequency of CYP2C9*2 in this population, were considered eligible even in the absence of data on such a polymorphism. The studies with no information on endpoints to evaluate the response to VKAs, such as bleeding and/or thromboembolic events, INR values >4 or <2, the time spent within the therapeutic INR range (TTR), or the time to reach a stable dose (TRSD), were excluded. The flowchart of the systematic review is reported in Figure 1.





3. Results


3.1. Clinical Cases


Two Caucasian patients treated with VKAs, one showing hypersensitivity and the other resistance to VKAs, were referred to the Clinical Pharmacology and Pharmacogenetics Unit of the University Hospital of Salerno for pharmacological counseling.



Once informed consent was obtained, peripheral blood samples were collected and genomic DNA was isolated to perform a pharmacogenetic analysis.



The three polymorphisms (CYP2C9*2, CYP2C9*3 and VKORC1-1639G>A) recommended for predicting increased VKA sensitivity, were analyzed using Real-Time PCR (QuantStudio 3, Applied Biosystems™) with an allelic discrimination assay. In the patient showing warfarin resistance, besides the three aforementioned SNPs, VKORC13730 G>A, CYP4F2*3, UGT1A1*28 and ABCB13435C>T, polymorphisms were analyzed using Real-Time PCR or pyrosequencing (PyroMark Q96 ID, Qiagen).



3.1.1. Case 1


A 65-year-old male diagnosed with atrial fibrillation (AF) was referred to pharmacological counseling before switching from acenocoumarol to direct-acting anticoagulants (DOACs).



The patient was unable to reach a stable dose using the standard dosage indicated on the acenocoumarol drug label (i.e., between 2 and 4 mg/day). After several empirical dose adjustments, he had achieved the targeted INR of 2.3, taking only 4.5 mg weekly. The cardiologist who was following the patient advised him that, according to his experience, patients showing hypersensitivity to VKAs are likely to not respond optimally to DOACs.



The patient was found to be a carrier of the VKORC1-1639GA and CYP2C9*3/*3 genotype, which is associated with a phenotype of hypersensitivity to VKAs. This PGx testing explained the numerous empirical attempts needed to reach the acenocoumarol stable dose.



The patient’s therapy, besides acetylsalicylic acid 100 mg/day, included ropinirole 12 mg/day, levodopa/carbidopa 100/25 mg three times a day, biperiden 1 mg/day for treatment of Parkinson’s disease, and clonazepam eight drops/day and telmisartan 40 mg/day to treat insomnia and hypertension, respectively.



Besides a synergistic pharmacodynamic interaction between VKAs and antiplatelet agents including acetylsalicylic acid, no other significant drug-drug interactions affecting the response to acenocumarol were found by consulting several drug interactions checkers (e.g., Medscape and Drugs.com).



It has been suggested that ropinirole may elevate the anticoagulant effects of warfarin [17]. This finding could be related also to acenocumarol because of the high similarities in pharmacodynamics and pharmacokinetics of these drugs.



However, considering the INR stability assured by using 4.5 mg of acenocumarol weekly, it has been suggested to avoid switching to DOACs.




3.1.2. Case 2


The second case is a 65-year-old male who had undergone a biological heart valve implantation for an aorta aneurysm.



The patient would have needed treatment with warfarin for three months. However, after several attempts, he was unable to reach the therapeutic INR target (i.e., 2.5) although the warfarin dosage was increased up to 70 mg weekly. Indeed, the INR never exceeded the value of 1.4.



In addition to the PGx testing associated with increased sensitivity to VKAs, polymorphisms potentially involved in resistance to VKAs such as VKORC13730G>A, CYP4F2*3, UGT1A1*28 and ABCB1C3435T were analyzed. The patient was also taking acetylsalicylic acid 100 mg/day, alfuzosin hydrochloride 10 mg/day to treat hypertension and Serenoa Repens-based supplement for benign prostatic hypertrophy. Moreover, he reported following a healthy lifestyle practicing aerobic physical activity (speed walking 3 km daily) and drinking citrus juices every day.



No drug-drug interactions were identified between alfuzosin and warfarin and Serenoa repens and warfarin by consulting the warfarin drug label [18] and several drug interaction checkers (e.g., Medscape and Drugs.com).



The patient was not a carrier of hypersensitivity-associated polymorphisms and VKORC13730G>A, while he was heterozygous for CYP4F2*3, UGT1A1*28 and ABCB1C3435T.



Moreover, based on the information provided by the patient regarding his lifestyle, a literature search was performed to check the knowledge about non-genetic factors potentially helpful in understanding warfarin resistance. A diet rich in ascorbic acid and regular/moderate physical activity were found as possible variables related to resistance to VKAs [19].





3.2. Results of the Systematic Review


Table 1 shows the main characteristics of the 13 RCTs and the reported data on VKA sensitivity and resistance.



In all studies, patients were randomized to either the GG or the CG groups.



The therapeutic dosage of anticoagulant was calculated considering only clinical and demographic characteristics in the CG group, while in the GG group, the dosage was chosen taking into account also the presence of genetic polymorphisms associated with increased sensitivity and/or resistance to VKAs.



Globally, the studies enrolled a total of 4707 patients (2401 in the GG group and 2306 in the CG group) with an average age of 65 years (range 40–90). All patients were treated with warfarin. Notably, sex and age were well-balanced between the groups with no statistically significant difference.



The VKA was administered to treat non-valvular atrial fibrillation, venous thromboembolism, deep vein thrombosis, pulmonary embolism, and mechanical prosthetic valve implantation.



The average study follow-up was 72 days (7–180).



The SNPs CYP2C9*2, CYP2C9*3, VKORC-1639G>A and CYP4F2V433M were analyzed in 4/13 RCTs; 6/13 RCTs did not report data on CYP4F2V433M, while 7 RCTs (enrolling Asian patients) did not analyze CYP2C9*2.



As shown in Table 1, 6/13 RCTs included TRSD, TTR and the adverse events bleeding and/or INR > 4 as study endpoints. Two RCTs [20,21] and four RCTs [1,22,23,24] evaluated TRSD and adverse events and TTR and adverse events, respectively. Lee et al. [25] considered only TTR.



Five out of eight RCTs showed a statistically significant lower TRSD in the GG group compared with the CG group [20,26,27,28]. Burmester et al. showed a lower TRSD in the GG group than the CG group without reaching statistical significance [29]. Conversely, Pengo et al. and Guo et al. found a lower TRSD in the CG group without reaching statistical significance [30,31]. Of the 11 studies that measured TTR, 4 showed a significantly higher TTR in the GG group than in the CG group [1,22,27,31]. Four studies [23,25,26,28] reported a higher TTR in the GG group without finding statistical significance. Differently, Pengo et al. [30] showed a superiority of the CG group, but also in this case, there was no statistical significance. In the RCTs of Burmester et al. and Zambon et al. the overall TTR did not differ between the GG and CG groups [24,29]. Nine and twelve studies evaluated the incidence of INR>4 and warfarin-related bleeding, respectively. Several RCTs [22,24,26,27,30] demonstrated a significant reduction in the incidence of INR>4 in the GG group. Four RCTs [21,28,29,31] showed that the compared groups were similar regarding %Time in INR>4. Ten RCTs reported no statistically significant difference between the study groups in terms of bleeding complications. On the contrary, Panchenko et al. [26] showed a higher percentage of major bleeding in the CG group than in the GG group (p = 0.031). Li et al. [20] demonstrated that the rate of bleeding and thrombosis was 0 in the GG group and 5 (17.2%) in the CG group (p = 0.022). Of note, all the included RCTs, with the exception of Pengo RCT [30], concluded that the genotyping-guided dosing was superior to the one based only on clinical and demographic characteristics (Table 1). In 6 of the 13 RCTs concerning increased warfarin sensitivity, the PGx testing also evaluated the presence of CYP4F2*3, which has been reported to be associated with warfarin resistance [5,11]. In total, 5/6 RCTs [20,22,28,29,30] assessed the incidence of thromboembolic events and 3/6 measured the occurrence of INR < 2 [24,29,30]. All RCTs showed no significant differences between the two compared groups in the occurrence of adverse events associated with warfarin resistance, except for the study by Li et al. [20] which found a significantly higher rate of the composite endpoint of bleeding and thrombosis in the CG group compared to the GG group (p = 0.022).





4. Discussion


In this study, we described two clinical cases of Caucasian patients showing an opposite response to VKAs. In the first patient, the therapeutic INR target was reached using a dose three-fold lower than the standard one. The PGx testing showed that the patient who had the CYP2C9*3/*3, VKORC1-1639GA genotype was strongly associated with a phenotype of hypersensitivity to VKAs [9].



The second patient had an INR below the target range despite a dosage of warfarin double the standard. He harbored polymorphisms associated with a request for an increased dosage of the VKA.



The PGx testing to predict VKA hypersensitivity is recommended. In fact, pharmacogenetic information was added to the VKA drug label [18].



On the other hand, there are no biomarkers and algorithms suitable to predict VKA resistance.



The SNP CYP4F2*3, associated with a reduced capacity to metabolize vitamin K, accounts for 1 to 3% of the overall dosage variability of VKAs [5,11]. Adding this polymorphism in the VKA-dosing models enhances the potential to predict the stable dose in Europeans and Asians, who show an allelic frequency of 30%, but not in Africans, in whom the allelic frequency is approximately 7% [9,32].



Besides CYP4F2*3, other polymorphisms including those found in case 2 here described are associated with a requirement for higher doses of VKAs and are considered potential predictors of drug resistance [12,13].



Notably, case 2 reported also practicing physical activity and drinking citrus juices containing a high percentage of vitamin C every day.



Vitamin C may inhibit the activity of warfarin because of its chelating property and its effects on the gastric mucosa, which could decrease warfarin absorption [19,33,34,35].



The concomitant administration of warfarin with supplements containing vitamins, including vitamin C, could be dangerous [36]. In this regard, Sattar et al. described a case of a patient unable to achieve adequate anticoagulation probably because of concomitant treatment with a multivitamin complex containing a high percentage of vitamin C [19]. After the washout of this multivitamin complex, the patient experienced a rapid increase in INR to a value of 15.4 requiring the use of phytomenadione and suspension of warfarin. Then, warfarin was administered again and the patient was discharged with stable INR values [19].



Moreover, physical activity may have significant effects on drug pharmacokinetics and response. Rouleau-Mailloux et al. [37] and Shendre et al. [38] showed that physically active patients required higher doses of warfarin than inactive ones.



Although the underlying mechanisms remain to be clarified, it is conceivable that an exercise-dependent increase in the synthesis of plasma proteins leads to reduced levels of free (unbound) VKAs, which have a very high drug-protein binding [39].



Furthermore, regular physical activity may induce the expression and activity of hepatic microsomal enzymes involved in the VKA metabolism [40].



Although the recommendation of the PGx testing to predict VKA increased sensitivity and the consequent risk of bleeding, physicians are not likely to request such an analysis. One of the reasons could be the belief in the lack of RCTs.



Noteworthily, only one of the 13 RCTs retrieved by our systematic review failed to find a superiority of the genotype-guiding approach compared to the clinical-guided one to stratify the patients based on the risk of warfarin-associated adverse events [30].



This RCT found that the GG group showed a shorter time in INR>4 when compared to the CG group (p = 0.02) but no other advantage of the genotype-guiding dosing approach was reported [30].



The largest RCTs included in the analysis were performed by Gage et al. [22] and Pirmohamed et al. [27]. The first involved 427 patients with AF or venous thromboembolism using the TTR measured during the first 12 weeks of therapy as the primary endpoint [27]. The Genotyping analysis included CYP2C9*2, CYP2C9*3, and VKORC1 (−1639G>A). The authors found that PGx-based dosing increased the mean percentage of TTR (67% in the GG vs. 60% in the CG group, p < 0.001). Moreover, the patients in the GG group were less likely to have an INR ≥ 4.0 than those in the CG group (p < 0.001) and showed a shorter TRSD (p = 0.003). However, the rate of bleeding did not differ between the two groups and only one thromboembolic event was reported [27].



The Genetics Informatics Trial (GIFT) of Gage et al. enrolled 1597 patients of several ancestries who had undergone hip or knee arthroplasty. The genotype-guided dosing reduced the rate of the combined endpoint including major bleeding, INR ≥ 4.0, VTE and death. Unlike the EU-PACT, this trial used a genotyping algorithm including also the screening of CYP4F2*3 SNP [22].



As reported in these large trials, the TTR is a very important outcome to evaluate the therapeutic response to VKAs. Guo et al. and Zhu et al., enrolling, respectively, 551 and 507 patients, also found a statistically significant higher percentage of TTR in the GG compared to CG [1,31] groups and other 4 RCTs [23,25,26,28] reported higher TTR values associated with the use of the genotype-guiding dosing approach although without reaching a statistical significance. Conversely, in the RCTs by Burmester et al. and Zambon et al. no TTR difference between the two groups was found [24,29].



Five out of 8 RCTs evaluating the TRSD found that this value was shorter in the group managed with the use of genetic information compared to the one in which the therapy was managed using only clinical data [20,21,26,27,28]. The remaining 3 RCTs did not find statistically significant differences between the groups [29,30,31].



It is important to note that almost all systemically reviewed RCTs reported that the INR>4 was less frequent in patients belonging to the GG group but the rate of bleeding did not differ except in the RCTs of Panchenko et al. and Li et al. who reported a lower incidence of bleeding in the GG group compared to the CG one [20,26].



In the RCT of Zambon et al., patients were divided into four subgroups, corresponding to increasing quartiles (Q) of the predicted maintenance doses (Q1, Q2, Q3, Q4). The overall percentage of INR values out-of-range did not differ between the GG and CG groups. However, patients in the GG-Q1 group (the most sensitive) showed a lower incidence of INR > 3 than those belonging to the CG-Q1 group (p = 0.004). In the other dose quartiles (Q2–Q4), no significant differences emerged between the compared groups [24]. Similarly, Panchenko et al. [26] and Xu et al. [28] concluded that the advantage of the PGx-dosing approach was more evident in patients with increased warfarin sensitivity.



Additionally, Pengo et al., who failed to find superiority in managing the therapy with warfarin using both clinical and genetic information, suggested a possible clinical utility of the PGx-based approach in patients who require very low drug doses [30].



This is crucial considering that the polymorphisms that are associated with hypersensitivity to VKAs included in the PGx testing are quite frequent in the general population and account for 50% of the VKA variability response [41].



Of note, the SNP CYP2C9*3 associated with a request for an extremely lower dosage of VKAs than the standard one is present in Caucasians with an allelic frequency of approximately 7% [42].



Our systematic review confirmed that, while the increased sensitivity is predictable by using pharmacogenetic analysis, the resistance is more difficult to anticipate. Only 6/13 of the reviewed RCTs reported data about the request for an increased dose of warfarin and resistance to the treatment. Among these trials, Xu et al. found that the CYP4F2*3TT genotype was associated with a requirement of a greater warfarin dose, and adding this SNP in the PGx-based algorithm can improve its potential to predict the stable dose. The greatest differences were observed in patients with lower (≤2 mg/day) or higher (≥4 mg/day) dose requirements [28].



In addition, Li et al. concluded that genotype-based management of the therapy with VKAs is superior to conventional procedures to avoid adverse events, including thromboembolism, in non-valvular AF [20]. The remaining four studies failed to demonstrate significant differences in the number of INR < 2 or in the occurrence of stroke or systemic embolism.



Studies should be performed to identify other genetic factors potentially involved in VKA resistance and to assess their impact to avoid the risk of thromboembolic events associated with the failure of the treatment [8].




5. Conclusions


Although the CPIC and other international groups, such as the Dutch Pharmacogenetics Working Group (DPWG), the Canadian Pharmacogenomics Network for Drug Safety (CPNDS), and the French Network of Pharmacogenetics (RNPGx), have developed specific pharmacogenetic guidelines useful to predict the VKA stable dosage [43], PGx testing is not commonly required. The clinical cases and the results of the systematically reviewed RCTs demonstrate that genetic factors strongly contribute to determining the response to VKAs and that a PGx-based VKA dosing model represents a valid method to reduce VKA-associated adverse events.



This is very important considering that, despite the availability of DOACs, VKAs are one of the most prescribed anticoagulant agents and the only one approved in patients undergoing heart valve implantation, where the use of DOACs is currently contraindicated because of excessively high rates of thromboembolic and bleeding complications and their uncertainty about the long-term safety profile [44,45]. Unfortunately, PGx testing alone does not fully explain the variability in response to VKAs, and several environmental factors play a crucial role. Therefore, comprehensive and accurate pharmacological counseling can effectively help to guarantee an optimal treatment both in terms of safety and efficacy.







Author Contributions


Conceptualization, V.C. and V.M.; data curation, E.D.B., B.S., C.S. and N.B.; formal analysis, G.C.; methodology, V.C., V.M., E.D.B., B.S. and C.S.; supervision, N.F. and A.F.; validation, V.C., V.M. and E.D.B.; writing—original draft, V.C. and V.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are openly available.




Acknowledgments


We thank the native English speaker Jan Festa, who revised the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhu, Z.; Li, Y.; Meng, X.; Han, J.; Li, Y.; Liu, K.; Shen, J.; Qin, Y.; Zhang, H. New Warfarin Anticoagulation Management Model after Heart Valve Surgery: Rationale and Design of a Prospective, Multicentre, Randomised Trial to Compare an Internet-Based Warfarin Anticoagulation Management Model with the Traditional Warfarin Management Model. BMJ Open 2019, 9, e032949. [Google Scholar] [CrossRef] [PubMed]

	



Lee, M.T.M.; Klein, T.E. Pharmacogenetics of Warfarin: Challenges and Opportunities. J. Hum. Genet. 2013, 58, 334–338. [Google Scholar] [CrossRef] [PubMed]

	



Kuruvilla, M.; Gurk-Turner, C. A Review of Warfarin Dosing and Monitoring. Proc. (Bayl. Univ. Med. Cent.) 2001, 14, 305–306. [Google Scholar] [CrossRef]

	



Manzo, V.; Tarallo, S.; Iannaccone, T.; Costantino, M.; Filippelli, W.; Filippelli, A. Cardiovascular Pharmacogenomics. Curr. Pharm. Pers. Med. 2017, 15, 67–80. [Google Scholar] [CrossRef]

	



Mazzaccara, C.; Conti, V.; Liguori, R.; Simeon, V.; Toriello, M.; Severini, A.; Perricone, C.; Meccariello, A.; Meccariello, P.; Vitale, D.F.; et al. Warfarin Anticoagulant Therapy: A Southern Italy Pharmacogenetics-Based Dosing Model. PLoS ONE 2013, 8, e71505. [Google Scholar] [CrossRef] [PubMed]

	



Ferder, N.S.; Eby, C.S.; Deych, E.; Harris, J.K.; Ridker, P.M.; Milligan, P.E.; Goldhaber, S.Z.; King, C.R.; Giri, T.; McLeod, H.L.; et al. Ability of VKORC1 and CYP2C9 to Predict Therapeutic Warfarin Dose during the Initial Weeks of Therapy. J. Thromb. Haemost. 2010, 8, 95–100. [Google Scholar] [CrossRef] [PubMed]

	



Hirsh, J.; Fuster, V.; Ansell, J.; Halperin, J.L. American Heart Association/American College of Cardiology Foundation Guide to Warfarin Therapy. J. Am. Coll. Cardiol. 2003, 41, 1633–1652. [Google Scholar] [CrossRef]

	



Conti, V.; Corbi, G.; Manzo, V.; Sellitto, C.; Iannello, F.; Esposito, S.; De Bellis, E.; Iannaccone, T.; Filippelli, A. The Role of Pharmacogenetics in Antithrombotic Therapy Management: New Achievements and Barriers Yet to Overcome. Curr. Med. Chem. 2021, 28, 6675–6703. [Google Scholar] [CrossRef]

	



Johnson, J.A.; Caudle, K.E.; Gong, L.; Whirl-Carrillo, M.; Stein, C.M.; Scott, S.A.; Lee, M.T.; Gage, B.F.; Kimmel, S.E.; Perera, M.A.; et al. Clinical Pharmacogenetics Implementation Consortium (CPIC) Guideline for Pharmacogenetics-Guided Warfarin Dosing: 2017 Update. Clin. Pharmacol. Ther. 2017, 102, 397–404. [Google Scholar] [CrossRef]

	



McDonald, M.G.; Rieder, M.J.; Nakano, M.; Hsia, C.K.; Rettie, A.E. CYP4F2 Is a Vitamin K1 Oxidase: An Explanation for Altered Warfarin Dose in Carriers of the V433M Variant. Mol. Pharmacol. 2009, 75, 1337–1346. [Google Scholar] [CrossRef]

	



Danese, E.; Raimondi, S.; Montagnana, M.; Tagetti, A.; Langaee, T.; Borgiani, P.; Ciccacci, C.; Carcas, A.J.; Borobia, A.M.; Tong, H.Y.; et al. Effect of CYP4F2, VKORC1, and CYP2C9 in Influencing Coumarin Dose: A Single-Patient Data Meta-Analysis in More Than 15,000 Individuals. Clin. Pharmacol. Ther. 2019, 105, 1477–1491. [Google Scholar] [CrossRef] [PubMed]

	



Tavares, L.C.; Duarte, N.E.; Marcatto, L.R.; Soares, R.A.G.; Krieger, J.E.; Pereira, A.C.; Santos, P.C.J.L. Impact of Incorporating ABCB1 and CYP4F2 Polymorphisms in a Pharmacogenetics-Guided Warfarin Dosing Algorithm for the Brazilian Population. Eur. J. Clin. Pharmacol. 2018, 74, 1555–1566. [Google Scholar] [CrossRef] [PubMed]

	



Wadelius, M.; Sörlin, K.; Wallerman, O.; Karlsson, J.; Yue, Q.-Y.; Magnusson, P.K.E.; Wadelius, C.; Melhus, H. Warfarin Sensitivity Related to CYP2C9, CYP3A5, ABCB1 (MDR1) and Other Factors. Pharm. J. 2004, 4, 40–48. [Google Scholar] [CrossRef] [PubMed]

	



Bratton, S.M.; Mosher, C.M.; Khallouki, F.; Finel, M.; Court, M.H.; Moran, J.H.; Radominska-Pandya, A. Analysis of R- and S-Hydroxywarfarin Glucuronidation Catalyzed by Human Liver Microsomes and Recombinant UDP-Glucuronosyltransferases. J. Pharmacol. Exp. Ther. 2012, 340, 46–55. [Google Scholar] [CrossRef] [PubMed]

	



de Oliveira Almeida, V.C.; Ribeiro, D.D.; Gomes, K.B.; Godard, A.L.B. Polymorphisms of CYP2C9, VKORC1, MDR1, APOE and UGT1A1 Genes and the Therapeutic Warfarin Dose in Brazilian Patients with Thrombosis: A Prospective Cohort Study. Mol. Diagn. Ther. 2014, 18, 675–683. [Google Scholar] [CrossRef]

	



Cini, M.; Legnani, C.; Cosmi, B.; Guazzaloca, G.; Valdrè, L.; Frascaro, M.; Palareti, G. A New Warfarin Dosing Algorithm Including VKORC1 3730 G > A Polymorphism: Comparison with Results Obtained by Other Published Algorithms. Eur. J. Clin. Pharmacol. 2012, 68, 1167–1174. [Google Scholar] [CrossRef]

	



Bair, J.D.; Oppelt, T.F. Warfarin and ropinirole interaction. Ann. Pharmacother. 2001, 35, 1202–1204. [Google Scholar] [CrossRef]

	



Scheda Agenzia Italiana Del Farmaco. Available online: https://farmaci.agenziafarmaco.gov.it/aifa/servlet/PdfDownloadServlet?pdfFileName=footer_001401_016366_RCP.pdf&retry=0&sys=m0b1l3 (accessed on 29 July 2022).

	



Sattar, A.; Willman, J.E.; Kolluri, R. Possible Warfarin Resistance Due to Interaction with Ascorbic Acid: Case Report and Literature Review. Am. J. Health Syst. Pharm. 2013, 70, 782–786. [Google Scholar] [CrossRef]

	



Li, X.; Lu, Y.; Yin, J.; Zhang, Q. Genotype-based anticoagulant therapy with warfarin for atrial fibrillation. Int. J. Clin. Exp. Med. 2017, 10, 14056–14062. [Google Scholar]

	



Wang, M.; Lang, X.; Cui, S.; Fei, K.; Zou, L.; Cao, J.; Wang, L.; Zhang, S.; Wu, X.; Wang, Y.; et al. Clinical application of pharmacogenetic-based warfarin-dosing algorithm in patients of Han nationality after rheumatic valve replacement: A randomized and controlled trial. Int. J. Med. Sci. 2012, 9, 472–479. [Google Scholar] [CrossRef]

	



Gage, B.F.; Bass, A.R.; Lin, H.; Woller, S.C.; Stevens, S.M.; Al-Hammadi, N.; Li, J.; Rodríguez, T.J.; Miller, J.P.; McMillin, G.A.; et al. Effect of Genotype-Guided Warfarin Dosing on Clinical Events and Anticoagulation Control Among Patients Undergoing Hip or Knee Arthroplasty: The GIFT Randomized Clinical Trial. JAMA 2017, 318, 1115–1124. [Google Scholar] [CrossRef] [PubMed]

	



Syn, N.L.; Wong, A.L.-A.; Lee, S.-C.; Teoh, H.-L.; Yip, J.W.L.; Seet, R.C.; Yeo, W.T.; Kristanto, W.; Bee, P.-C.; Poon, L.M.; et al. Genotype-guided versus traditional clinical dosing of warfarin in patients of Asian ancestry: A randomized controlled trial. BMC Med. 2018, 16, 104. [Google Scholar] [CrossRef] [PubMed]

	



Zambon, C.F.; Pengo, V.; Moz, S.; Bozzato, D.; Fogar, P.; Padoan, A.; Plebani, M.; Groppa, F.; De Rosa, G.; Padrini, R. Pharmacokinetic and Pharmacodynamic Re-Evaluation of a Genetic-Guided Warfarin Trial. Eur. J. Clin. Pharmacol. 2018, 74, 571–582. [Google Scholar] [CrossRef] [PubMed]

	



Lee, K.E.; Yee, J.; Lee, G.Y.; Chung, J.E.; Seong, J.M.; Chang, B.C.; Gwak, H.S. Genotype-Guided Warfarin Dosing May Benefit Patients with Mechanical Aortic Valve Replacements: Randomized Controlled Study. Sci. Rep. 2020, 10, 6988. [Google Scholar] [CrossRef] [PubMed]

	



Panchenko, E.; Kropacheva, E.; Dobrovolsky, A.; Titaeva, E.; Zemlyanskaya, O.; Trofimov, D.; Galkina, I.; Lifshits, G.; Vereina, N.; Sinitsin, S.; et al. CYP2C9 and VKORC1 genotyping for the quality of long-standing warfarin treatment in Russian patients. Pharm. J. 2020, 20, 687–694. [Google Scholar] [CrossRef]

	



Pirmohamed, M.; Burnside, G.; Eriksson, N.; Jorgensen, A.L.; Toh, C.-H.; Nicholson, T.; Kesteven, P.; Christersson, C.; Wahlström, B.; Stafberg, C.; et al. A Randomized Trial of Genotype-Guided Dosing of Warfarin. N. Engl. J. Med. 2013, 369, 2294–2303. [Google Scholar] [CrossRef]

	



Xu, Q.; Xu, B.; Zhang, Y.; Yang, J.; Gao, L.; Zhang, Y.; Wang, H.; Lu, C.; Zhao, Y.; Yin, T. Estimation of the Warfarin Dose with a Pharmacogenetic Refinement Algorithm in Chinese Patients Mainly under Low-Intensity Warfarin Anticoagulation. Thromb. Haemost. 2012, 108, 1132–1140. [Google Scholar] [CrossRef]

	



Burmester, J.K.; Berg, R.L.; Yale, S.H.; Rottscheit, C.M.; Glurich, I.E.; Schmelzer, J.R.; Caldwell, M.D. A randomized controlled trial of genotype-based Coumadin initiation. Genet. Med. 2011, 13, 509–518. [Google Scholar] [CrossRef]

	



Pengo, V.; Zambon, C.-F.; Fogar, P.; Padoan, A.; Nante, G.; Pelloso, M.; Moz, S.; Frigo, A.C.; Groppa, F.; Bozzato, D.; et al. A Randomized Trial of Pharmacogenetic Warfarin Dosing in Naïve Patients with Non-Valvular Atrial Fibrillation. PLoS ONE 2015, 10, e0145318. [Google Scholar] [CrossRef]

	



Guo, C.; Kuang, Y.; Zhou, H.; Yuan, H.; Pei, Q.; Li, J.; Jiang, W.; Ng, C.M.; Chen, X.; Huo, Y.; et al. Genotype-Guided Dosing of Warfarin in Chinese Adults: A Multicenter Randomized Clinical Trial. Circ. Genomic Precis. Med. 2020, 13, e002602. [Google Scholar] [CrossRef]

	



Dean, L. Warfarin Therapy and VKORC1 and CYP Genotype; Pratt, V.M., Scott, S.A., Pirmohamed, M., Esquivel, B., Kane, M.S., Kattman, B.L., Malheiro, A.J., Eds.; National Center for Biotechnology Information: Bethesda, MD, USA, 2012.

	



Grebe, H.B.; Gregory, P.J. Inhibition of Warfarin Anticoagulation Associated with Chelation Therapy. Pharmacotherapy 2002, 22, 1067–1069. [Google Scholar] [CrossRef] [PubMed]

	



Sigell, L.T.; Flessa, H.C. Drug Interactions with Anticoagulants. JAMA 1970, 214, 2035–2038. [Google Scholar] [CrossRef] [PubMed]

	



Holbrook, A.M.; Pereira, J.A.; Labiris, R.; McDonald, H.; Douketis, J.D.; Crowther, M.; Wells, P.S. Systematic Overview of Warfarin and Its Drug and Food Interactions. Arch. Intern. Med. 2005, 165, 1095–1106. [Google Scholar] [CrossRef]

	



Tan, C.S.S.; Lee, S.W.H. Warfarin and Food, Herbal or Dietary Supplement Interactions: A Systematic Review. Br. J. Clin. Pharmacol. 2021, 87, 352–374. [Google Scholar] [CrossRef] [PubMed]

	



Rouleau-Mailloux, É.; Shahabi, P.; Dumas, S.; Feroz Zada, Y.; Provost, S.; Hu, J.; Nguyen, J.; Bouchama, N.; Mongrain, I.; Talajic, M.; et al. Impact of Regular Physical Activity on Weekly Warfarin Dose Requirement. J. Thromb. Thrombolysis 2016, 41, 328–335. [Google Scholar] [CrossRef] [PubMed]

	



Shendre, A.; Beasley, T.M.; Brown, T.M.; Hill, C.E.; Arnett, D.K.; Limdi, N.A. Influence of Regular Physical Activity on Warfarin Dose and Risk of Hemorrhagic Complications. Pharmacotherapy 2014, 34, 545–554. [Google Scholar] [CrossRef] [PubMed]

	



Persky, A.M.; Eddington, N.D.; Derendorf, H. A Review of the Effects of Chronic Exercise and Physical Fitness Level on Resting Pharmacokinetics. Int. J. Clin. Pharmacol. Ther. 2003, 41, 504–516. [Google Scholar] [CrossRef]

	



Lenz, T.L.; Lenz, N.J.; Faulkner, M.A. Potential Interactions between Exercise and Drug Therapy. Sports Med. 2004, 34, 293–306. [Google Scholar] [CrossRef]

	



Klein, T.E.; Altman, R.B.; Eriksson, N.; Gage, B.F.; Kimmel, S.E.; Lee, M.-T.M.; Limdi, N.A.; Page, D.; Roden, D.M.; Wagner, M.J.; et al. Estimation of the Warfarin Dose with Clinical and Pharmacogenetic Data. N. Engl. J. Med. 2009, 360, 753–764. [Google Scholar] [CrossRef]

	



Makeeva, O.; Stepanov, V.; Puzyrev, V.; Goldstein, D.B.; Grossman, I. Global Pharmacogenetics: Genetic Substructure of Eurasian Populations and Its Effect on Variants of Drug-Metabolizing Enzymes. Pharmacogenomics 2008, 9, 847–868. [Google Scholar] [CrossRef]

	



Abdullah-Koolmees, H.; van Keulen, A.M.; Nijenhuis, M.; Deneer, V.H.M. Pharmacogenetics Guidelines: Overview and Comparison of the DPWG, CPIC, CPNDS, and RNPGx Guidelines. Front. Pharmacol. 2020, 11, 595219. [Google Scholar] [CrossRef] [PubMed]

	



Otto, C.M.; Nishimura, R.A.; Bonow, R.O.; Carabello, B.A.; Erwin, J.P., 3rd; 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 Cardiology/American Heart Association Joint Committee on Clinical Practice Guidelines. J. Am. Coll. Cardiol. 2021, 77, e25–e197. [Google Scholar] [CrossRef] [PubMed]

	



Dahal, K.; Sharma, S.P.; Fung, E.; Lee, J.; Moore, J.H.; Unterborn, J.N.; Williams, S.M. Meta-Analysis of Randomized Controlled Trials of Genotype-Guided vs Standard Dosing of Warfarin. Chest 2015, 148, 701–710. [Google Scholar] [CrossRef] [PubMed]








[image: Jpm 12 01578 g001 550] 





Figure 1. Flowchart of the systematic review. 
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Table 1. Characteristics of the RCTs reporting data on VKA sensitivity and/or resistance.
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	References
	Study Population Origin
	Total Pts
	Indication
	Follow-Up (Days)
	Analyzed Polymorphisms
	TRSD * (Days)
	TTR ** (%)
	INR > 4 and/or Bleedings

INR < 2 and/or Thromboembolism
	Summary of Results





	Burmester et al. [29] (2011)
	Northern

American
	Tot: 230 GG: 115 CG: 115
	Arrhythmia,

thromboembolic disease, valve surgery
	14
	CYP2C9*2,

CYP2C9*3,

VKORC1-1639G>A CYP4F2 V433M
	GG: 29 [23,24,25,26,27,28,29,30,31,32,33,34,35,36]

CG: 31 [24,25,26,27,28,29,30,31,32,33,34,35,36]

p = 0.90
	28.6% in both arms p = 0.564
	Study arms were similar regarding time to INR>4 and adverse events.
	Genotype-informed dosing clearly improved the prediction of a therapeutic dosage beyond that planned using only clinical parameters.



	Gage et al. [22] (2017)
	Caucasian, African, American, Hispanic and Asian
	Tot: 1597 GG: 808 CG: 789
	hip/knee arthroplasty
	90
	CYP2C9*2,

CYP2C9*3,

VKORC1-1639G>A

CYP4F2 V433M.
	NA
	GG: 54.7% [53.0–56.4]

CG: 51.3% [49.6–53.0]

p = 0.004
	INR ≥ 4

GG: 6.9% CG: 9.8%

p = 0.04

Major bleedings

GG: 0.2% CG: 1%

p = 0.06

Thromboembolism

GG: 4.1% CG: 4.8%

p = 0.48
	Genotype-informed dosing reduced the combined risk of major bleeding, INR of 4 or greater, VTE or death.



	Guo et al. [31] (2020)
	Chinese
	Tot: 551 GG: 272 CG: 279
	AF, DVT
	84
	CYP2C9*3, VKORC1-1639G>A
	GG: 22 [12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30]

CG: 21 [12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29]

p = 0.69
	GG: 58.8% ± 24.3

CG: 53.2% ± 26.3

p = 0.01
	There were no significant differences across the various safety parameters between the two groups.
	The outcomes of genotype-guided warfarin dosing were superior to those of clinical standard dosing.



	Lee et al. [25] (2019)
	Korean
	Tot: 91 GG:  42 CG: 49
	heart valve replacement surgery
	7
	CYP2C9*3,

VKORC-1639G>A,

CYP4F2 V433M
	NA
	%TTR Rosendaal

GG: 55.9%

CG: 46.9%

p = 0.059
	NA
	The genotype-guided dosing did not offer a significant clinical advantage, but a possible benefit in patients with aortic valve replacement has been suggested

(p = 0.012).



	Li et al. [20] (2017)
	Chinese
	Tot: 57 GG: 28 CG: 29
	NVAF
	180
	CYP2C9*3,

VKORC-1639G>A,

CYP4F2 V433M, GGCX
	GG: 15.1 ± 5.1 CG: 27.6 ± 6.6

p = 0.033
	NA
	The rate of bleeding and thrombosis was 0 in GG group and 5 (17.2%) in CG group.

p = 0.022
	Genotype-based anticoagulant therapy with warfarin is safe and effective in the treatment of NVAF.



	Syn et al. [23] (2018)
	Chinese,

Indian
	Tot: 322 GG: 159 CG: 163
	AF, DVT, PE, LVT and Stroke
	90
	CYP2C9*3,

VKORC1-381T>C
	NA
	GG: 52.5%

CG: 47.1%

p = 0.059
	Minor bleeding

GG: 6.1% CG: 5.9%

p = 0.96

Major bleeding

GG: 3.8% CG: 3.7%

p = 0.97
	Genotype-guided dosing reduced the number of dose titrations compared to traditional dosing while maintaining similar INR time within therapeutic ranges. PGx-based algorithm predicted maintenance dose requirements.



	Panchenko et al. [26] (2019)
	Russian
	Tot: 263 GG: 127 CG: 136
	VTE, NVAF and mechanical prosthetic valves
	180
	CYP2C9*2,

CYP2C9*3,

VKORC1-1639G>A
	GG: 11

CG: 17

p = 0.046
	GG: 71%

CG: 50%

p = 0.092
	Frequency of INR ≥ 4.0

GG: 11% CG: 30.9%

p = 0.002

Major bleedings

GG: 0% CG: 4.4%

p = 0.031

Minor bleedings

GG: 17.3% CG: 17.7%

p = 1
	The advantages of the pharmacogenetics dosing were demonstrated in patients with increased warfarin sensitivity.



	Pengo et al. [30] (2015)
	Italian
	Tot: 180 GG: 88 CG: 92
	NVAF
	At least 30
	CYP2C9*2,

CYP2C9*3,

VKORC1-1639G>A CYP4F2 V433M.
	GG: 5.96

CG: 5.05

p = 0.28
	GG 51.9%

CG 53.2%

p = 0.71
	%Time in INR>4.0

GG: 0.7% CG: 1.8%

p = 0.02%

Time in INR<1.5 was not significantly different between the two groups

p = 0.96

No bleedings and thromboembolic complications were recorded.
	Genotype-guided warfarin dosing is not superior in overall anticoagulation control when compared to accurate clinical standard of care.



	Pirmohamed et al. [27] (2013)
	European
	Tot: 427 GG: 211 CG: 216
	AF, VTE
	84
	CYP2C9*2

CYP2C9*3

VKORC1-1639G>A
	GG: 44

CG: 59

p = 0.003
	GG: 67.4%

CG: 60.3%

p < 0.001
	%Time with INR ≥4.0

GG: 2.3% CG: 5.3%

p < 0.001.

Bleeding events

GG: 37% CG: 38%

p = 0.87
	Pharmacogenetic-based dosing was associated with a higher percentage of time in the therapeutic INR range.



	Wang et al. [21] (2012)
	Chinese
	Tot: 101 GG: 50 CG: 51
	Rheumatic heart disease after valve replacement
	50
	CYP2C9*3

VKORC1-1173C>T
	GG: 27.5 ± 1.8 CG: 34.7 ± 1.8

p < 0.001
	NA
	Hemorrhage or INR over 3.5

GG: 10.0% CG: 15.7%

p = 0.55
	PGx algorithm may reduce the time elapsed from initiation of warfarin therapy to drug maintenance dose.



	Zambon et al. [24] (2018)
	Italian
	Tot: 180 GG: 88 CG: 92
	NVAF
	19
	CYP2C9*2

CYP2C9*3

VKORC1-1639G>A CYP4F2 V433M
	NA
	The overall %TTR did not differ between GG and CG groups.
	INR > 3 in patients hypersensitive to warfarin (Q1)

GG: 9.1% CG: 21.7%

p = 0.004

No bleeding events occurred.

Overall % of INR < 2

GG: 33.3% CG: 32.6%

p = NS
	The genetic method may protect patients who are hypersensitive to Warfarin from the risk of excessive anticoagulation during the first week of therapy and allow hypersensitive patients to reach the INR therapeutic range sooner.



	Zhu et al. [1] (2020)
	Chinese
	Tot: 507 GG: 313 CG: 194
	NVAF
	90
	CYP2C9*3

VKORC1-1639G>A
	NA
	GG: 70.80% ± 24.39

CG: 53.44% ± 26.73

p < 0.001.
	The cumulative incidence of total, minor, gastrointestinal and intracerebral hemorrhagic events was not significantly different between two groups,

p > 0.05.
	Genotype-guided dosing could improve the average TTR, and follow-up results showed that genotype-guided therapy resulted in a significantly lower risk of ischemic stroke events.



	Xu et al. [28] (2018)
	East Asian
	Tot: 201 GG: 100 CG: 101
	heart valve implant
	90
	CYP2C9*3,

VKORC1-1639A>G, CYP4F2 V433M
	GG: 33.52 ± 20.044

CG: 42.09 ± 23.655

p = 0.009
	GG: 47.461% ± 18.592

CG: 47.257% ± 20.147

p = 0.941
	INR ≥ 4

GG: 0.1680% CG: 0.1633%

p = 0.690

Major bleeding events

GG: 3%

CG: 2.97%

p = 1

Major thrombosis rate

GG: 1.00% CG: 0%

p = 0.498
	The genotype-guided warfarin dosing was safe and might be more efficient for TRSD. Pharmacogenomic testing might be beneficial to identify the patients with the CYP2C9 *1/*3 genotype and the highly sensitive responders.







* values are expressed as days ± SD or [range]. ** values are expressed as percentage ± SD or [range]. Abbreviations: Pts, Patients; GG group, Genotype-Guided group; CG group, Clinically Guided group; TTR, Time in Therapeutic Range; TRSD, Time to Reach a Stable Dose; INR, International Normalized Ratio; VTE, Venous Thromboembolism; DVT, Deep Vein Thrombosis; PE, Pulmonary Embolism; NVAF, Nonvalvular Atrial Fibrillation; AF, Atrial fibrillation; LVT, Left Ventricular Thrombus; PG, Pharmacogenetic.
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