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KEY PO INT S

l A cell-based screening
of 727 drugs in the
NIH Clinical Collection
library identified 9
drugs that may cause
bleeding disorders.

l Coagulopathy from
drugs that inhibit the
reduction of vitamin K
epoxide, but not
vitamin K, can be
rescued by
administering
vitamin K.

Drug-induced bleeding disorders contribute to substantial morbidity and mortality.
Antithrombotic agents that cause unintended bleeding of obvious cause are relatively easy
to control. However, the mechanisms of most drug-induced bleeding disorders are poorly
understood, which makes intervention more difficult. As most bleeding disorders are
associated with the dysfunction of coagulation factors, we adapted our recently estab-
lished cell-based assay to identify drugs that affect the biosynthesis of active vitamin
K–dependent (VKD) coagulation factors with possible adverse off-target results. The
National Institutes of Health (NIH) Clinical Collection (NCC) library containing 727 drugs
was screened, and 9 drugs were identified, including the most commonly prescribed
anticoagulant warfarin. Bleeding complications associated with most of these drugs have
been clinically reported, but the pathogenic mechanisms remain unclear. Further charac-
terization of the 9 top-hit drugs on the inhibition of VKD carboxylation suggests that
warfarin, lansoprazole, and nitazoxanide mainly target vitamin K epoxide reductase
(VKOR), whereas idebenone, clofazimine, and AM404 mainly target vitamin K reductase
(VKR) in vitamin K redox cycling. The other 3 drugs mainly affect vitamin K availability

within the cells. The molecular mechanisms underlying the inactivation of VKOR and VKR by these drugs are clarified.
Results from both cell-based and animal model studies suggest that the anticoagulation effect of drugs that target
VKOR, but not VKR, can be rescued by the administration of vitamin K. These findings provide insights into the
prevention and management of drug-induced bleeding disorders. The established cell-based, high-throughput
screening approach provides a powerful tool for identifying new vitamin K antagonists that function as anticoagulants.
(Blood. 2020;136(7):898-908)

Introduction
Adverse drug reactions (ADRs) are unintended responses to
medications that occur when doses are administered for di-
agnosis, prophylaxis, or treatment.1 ADRs represent a significant
public health problem and are one of the leading causes of
hospitalizations and deaths worldwide.2-5 In a meta-analysis,
Lazarou et al6 estimated that ;100000 deaths that occur in the
United States annually are caused by ADRs, which are the fourth
leading cause of death following ischemic cardiopathy, cancer,
and stroke. Estimated annual deaths resulting from ADRs in
European countries are 197 000, with a total ADR cost to
society of €79 billion.7,8 ADRs are most frequently associated
with antithrombotic and antibacterial agents.2,9 Bleeding dis-
orders are one of the most common causes of ADR-related
hospitalizations.10-12

Drug-induced bleeding disorders contribute to substantial
morbidity, mortality, and cost to society.13,14 Antithrombotic
agents are the common drugs that cause unintended bleeding.15

Oral anticoagulants, including vitamin K antagonists (VKAs) and
direct oral anticoagulants (DOACs), are used for the prevention
and treatment of thromboembolic disorders.16 VKAs (such as
warfarin) inhibit the biosynthesis of functional vitamin K–
dependent (VKD) coagulation factors, whereas DOACs are di-
rect inhibitors of factor Xa or thrombin. Because of their known
mechanisms of action on anticoagulation, bleeding episodes
associated with oral anticoagulants are relatively easy to predict
and control.11,17 It has been shown that 96% of VKA-associated
ADRs and 68% of DOAC-associated ADRs are preventable and
avoidable.2,18,19 However, the pathogenic mechanisms for other
drug-related bleeding disorders are less clear; thus, they are
more harmful and difficult to control.
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For example, nonsteroidal anti-inflammatory drugs are among
the drugs most commonly prescribed worldwide to relieve pain
and reduce inflammation. However, the treatment and prevention
of nonsteroidal anti-inflammatory drug–associated coagulopathy
remains challenging because of their unknown pathogenic
mechanisms.20 In addition, the use of selective serotonin reuptake
inhibitors, which are commonly prescribed antidepressants,
has been shown to increase the tendency of gastrointestinal
bleeding episodes21 and intracranial hemorrhages.12,22 Drugs
that cause bleeding complications have been reported in a wide
range of classes from antibiotics23-27 to drugs used in the treat-
ment of sleeping problems, high blood pressure, and cancer
chemotherapy.28,29 However, the molecular mechanisms un-
derlying the coagulopathy caused by these drugs remain elu-
sive. A better understanding of the molecular target and
pathogenic mechanisms of drug-induced bleeding would pro-
vide important clues to the prevention and treatment of life-
threatening bleeding disorders.

As most bleeding disorders are associated with the dysfunction
of coagulation factors and increasing drug-induced bleeding
complications have been reported to off-target the vitamin K
cycle,25,30-32 the goal of this study was to functionally screen
drugs that affect the biosynthesis of VKD coagulation factors. We
first tested the feasibility of using our recently established cell-
based assay33 as a high-throughput screening approach to
identifying drugs that may target VKD carboxylation. We used
theNIH Clinical Collection (NCC) library, which covers phase 1 to
phase 3 clinical trial drugs, as an example for the screening test.
We then used different cell-based assays to explore the possible
mechanisms of anticoagulation on the top-hit drugs and to
determine whether vitamin K plays a role in the reversal of this
effect. Finally, we used a mouse model to test the bleeding risks
of the selected top-hit drugs; 9 of the 727 drugs in the NCC
library could function as VKAs, by inducing bleeding disorders.
Both cell-based and animal model studies suggest that co-
agulopathy, which is caused by off-target reduction of vitamin K
epoxide (KO) but not vitamin K, can be rescued with the ad-
ministration of vitamin K.

Methods
Materials and cell lines
The NCC library was purchased from Evotec Inc (Princeton, NJ)
as 2 sublibraries, 1 containing 446 drugs and the other, 281
drugs. All other chemicals were purchased from Sigma-Aldrich
(St. Louis, MO) or Cayman Chemical (Ann Arbor, MI). The
monoclonal antibody against carboxylated glutamate (Gla)
residues was from Sekisui Diagnostics, LLC (Stamford, CT). The
GAPDH mouse monoclonal antibody was from Proteintech
Group, Inc (Rosemont, IL). Human embryonic kidney 293
(HEK293) cells and human hepatoma G2 (HepG2) cells were
from ATCC (Manassas, VA). HEK293 cells that stably express
the reporter protein FIXgla-PC (protein C with its Gla domain
replaced with that of factor IX) were created as previously
described.34 FIXgla-PC/HEK293 cells with their endogenous
vitamin K epoxide reductase (VKOR) and VKOR-like enzyme
knocked out (double gene knockout, DGKO) were obtained
by transcription activator‐like effector nucleases (TALENs)-
mediated genome editing.35 HEK293 cells with the endogenous
g-glutamyl carboxylase (GGCX) knocked out were created by

clustered regularly interspaced short palindromic repeats (CRISPR)-
Cas9–mediated genome editing.36

Cell-based VKD carboxylation activity assay
The cell-based VKD carboxylation activity assay was performed
in FIXgla-PC/HEK293 cells with a convenient enzyme-linked
immunosorbent assay (ELISA),34 which can be easily adapted
to high-throughput screening. To differentiate which enzymatic
activity of the vitamin K redox cycle is targeted by a given VKA,
we used FIXgla-PC/HEK293 andDGKO cells, combined with KO
or vitamin K as the substrate.

Cell-based VKOR activity assay The cell-based VKOR activ-
ity assay was performed by incubating FIXgla-PC/HEK293 cells
with KO.37 To evaluate the effect of a given drug on VKOR
activity, we incubated FIXgla-PC/HEK293 cells with a fixed con-
centration or increasing concentrations of the drug in cell culture
medium containing 5mMKO for 24 hours. It should be noted that,
to be an active cofactor for VKD carboxylation, KO must be re-
duced to vitamin K hydroquinone (KH2) by a 2-step process
(Figure 1A). Drugs that affect any of the enzymatic activities for
vitamin K redox cycling will affect the final readout of the assay.
Thus, this assay is also used for the high-throughput screening of
the NCC library.

Cell-based vitamin K reductase activity assay In general, vi-
tamin K reductase (VKR) activity can be determined by in-
cubating FIXgla-PC/HEK293 cells with 5 mM vitamin K. To
eliminate the contribution of VKOR to vitamin K reduction,38 we
used DGKO cells for the VKR activity assay.

Cell viability assay The cytotoxicity of the test drugs was
evaluated using a CCK-8 kit (Dojindo Molecular Technologies,
Inc, Rockville, MD) according to the manufacturer’s instructions.

Cell-based KO and vitamin K reduction
activity assay
Enzymatic activity of the 2-step vitamin K reduction was also
evaluated in HEK293 cells by directly measuring different forms
of vitamin K, with a conventional reversed-phase high-performance
liquid chromatography (HPLC) assay.39

Cell-based KO reduction activity assay GGCX-knockout
HEK293 cells were incubated with 10 mM KO in the presence
or absence of a 10-mM test drug for 5 hours. K vitamins were
extracted from the treated cells and quantified by reversed-
phase HPLC.39,40 We used GGCX-knockout HEK293 cells to
prevent the conversion of the product (vitamin K) back to the
substrate (KO) by the cell’s endogenous enzyme (Figure 1A).

Cell-based vitamin K reduction activity assay DGKO cells
were incubated with 10 mM vitamin K and followed by the same
procedures as described above for the KO reduction activity
assay. Because reduced vitamin K (KH2), an intermediate
product in VKD carboxylation, is unstable and difficult to quantify
accurately directly from cells,41 we coupled the vitamin K re-
duction and epoxidation reactions to measure the final stable
product KO (Figure 1A). To ensure that the product (KO) is not
reduced to the substrate (vitamin K) by the cells’ endogenous
VKOR, we used DGKO cells in this assay.
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Cell-based, high-throughput screening of the
NCC library
TheNCC library drugs were first diluted to 400mMwith dimethyl
sulfoxide (DMSO), to make stock plates. Then, 5 mL of the di-
luted stock solution was transferred to 96-well plates and mixed
with 195 mL of FIXgla-PC/HEK293 cells in growth medium
containing 5 mM KO. The final screening concentration of drugs
(10 mM) is higher than the physiological concentration of most
drugs, to ensure that the preliminary screenings would not miss
drugs with low inhibition efficiency.We usedDMSO andwarfarin
as negative and positive controls, respectively, during the
screening.

Anticoagulation test in an animal model
To eliminate any effect of sex on the coagulation test,42,43 we
used only male mice in this study. Eight-week-old BALB/c male
mice were acclimated for 1 week and were randomly collected

into groups of 10. Two groups were treated with 1 drug, and
1 group was given vitamin K–supplemented (10 mg/L) drinking
water. Mice were treated with either the drugs or the control
DMSO for 7 consecutive days by intragastric administration,
using dosages of 3 mg/kg per day warfarin, 400 mg/kg per day
itraconazole, 100 mg/kg per day clofazimine, or 500 mg/kg
per day nitazoxanide. The dosages are based on the inhibition
potency of each drug for VKD carboxylation (Table 1) and on
dosages from previous studies (supplemental Table 1, available
on the Blood Web site). Twenty-four hours after the final
treatment, the mice were euthanized, and blood samples were
collected. The plasma sample was prepared by centrifugation at
3000g for 10 minutes at 4°C. Prothrombin times (PTs) were
determined by Beijing Sino-UK Institute of Biological Technol-
ogy (Beijing, China). All animal protocols were approved by
the Animal Care and Use Committee of the Institute of Medicinal
Plant Development at the Chinese Academy of Medical
Sciences.
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Figure 1. Cell-based screening of theNCC library for drugs that off-target the vitamin K cycle. (A) Vitamin K redox cycle. When VKD proteins are carboxylated byGGCX, by
using vitamin K hydroquinone (KH2), carbon dioxide (CO2), and oxygen (O2) as cofactors, KH2 is oxidized to KO, which must be reduced to KH2 by a 2-step reduction. (B)
Functional screenings of the 727 drugs in the NCC library. FIXgla-PC/HEK293 cells were incubated with the drugs identified in the NCC library (final concentration, 10 mM) in cell
culture medium containing 5 mM KO. After a 48-hour incubation, reporter protein carboxylation was evaluated by ELISA. Carboxylation activity of DMSO-treated cells was
normalized to 100%. The effect of lansoprazole (C) and tegaserod maleate (D) on VKD carboxylation and cell viability. FIXgla-PC/HEK293 cells were incubated with increasing
concentrations of the test drug in cell culture medium containing 5 mMKO. Twenty-four hours later, cell culture medium was used for the cell-based activity assay and the drug-
treated cells were used for the cell viability assay.
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Results
Cell-based, high-throughput screening of the NCC
library for VKAs
Vitamin K is an essential cofactor for the biosynthesis of VKD
coagulation factors. Drugs that affect the redox cycling of vi-
tamin K (Figure 1A) decrease the production of active co-
agulation factors, functioning as VKAs. To identify drugs in the
NCC library that potentially function as VKAs, we incubated
FIXgla-PC/HEK293 cells with 10 mMof the drug and 5 mM of KO
to determine the carboxylation efficiency of the reporter protein.
Most of the drugs in the NCC library do not affect reporter
protein carboxylation (Figure 1B). However, 22 drugs decreased
reporter protein carboxylation to less than 30% (supplemental
Table 2). Warfarin, the most widely prescribed oral anticoagu-
lant, was one of the top-hit drugs that abolished reporter protein
carboxylation.

Decreased carboxylation of the reporter protein in the screening
could also be related to the cytotoxicity of the test drugs. To
exclude this possibility, we determined reporter protein car-
boxylation and cell viability using increasing concentrations of
the 22 top-hit drugs. Lansoprazole significantly inhibited re-
porter protein carboxylation, but showed only minor cytotoxicity
at higher concentrations (Figure 1C). This result suggests that a
decrease in reporter protein carboxylation by lansoprazole is
caused by an inhibition of VKD carboxylation rather than cyto-
toxicity. In contrast, the response curve of reporter protein
carboxylation to tegaserod maleate closely follows the cell vi-
ability curve (Figure 1D), suggesting that the inhibition of re-
porter protein carboxylation by tegaserod maleate is mainly
caused by its cytotoxicity or its effect on both carboxylation and
cell viability, as described in "Discussion." Overall, of the 22 top-
hit drugs (supplemental Figure 1), 9 may function as VKAs to
inhibit VKD carboxylation (Table 1). The decreased production
of the carboxylated reporter protein does not appear to be
driven by a reduction in the synthesis of the reporter protein
(supplemental Figure 2).

Identification of drugs targeting VKOR for
KO reduction
The anticoagulation effect of VKAs could result from an in-
hibition of either the reduction of KO or vitamin K (Figure 1A). To
explore the feasibility of using our cell-based assay to differ-
entiate the reduction between KO and vitamin K, we performed
warfarin titration of FIXgla-PC/HEK293 cells, using either KO or
vitamin K as a substrate. When KO was used as the substrate,
warfarin significantly inhibited VKD carboxylation (Figure 2A).
However, when vitamin K was the substrate, warfarin showed
only partial inhibition, which presumably resulted from the
contribution of the warfarin-sensitive vitamin K reduction by
VKOR.38,44 The contribution of vitamin K reduction by VKOR was
further confirmed by using DGKO cells for the assay, which
showed that warfarin no longer inhibited vitamin K reduction
when VKOR was knocked out (Figure 2A). These results together
suggest that, by using FIXgla-PC/HEK293 and DGKO reporter
cells combined with KO or vitamin K as a substrate, we can
identify drugs that target VKOR for KO reduction.

Like warfarin, nitazoxanide, and lansoprazole significantly inhibi-
ted VKD carboxylation in FIXgla-PC/HEK293 cells with KO as a
substrate, but not in DGKO cells with vitamin K as a substrate,
suggesting that nitazoxanide and lansoprazole mainly target
VKOR (Figures 2B-C). To further confirm this, we determined KO
and vitamin K reduction activities directly in HEK293 cells by using
the conventional reversed-phase HPLC.39,40 Warfarin, nitazox-
anide, and lansoprazole abolished KO reduction (Figure 2D), but
had only a negligible effect on vitamin K reduction (Figure 2E),
which is further support that these drugs mainly target VKOR for
KO reduction.

Identification of drugs targeting VKR for
vitamin K reduction
The characterization of idebenone (Figure 3A) and AM404
(supplemental Figure 3A) showed that the response of VKD
carboxylation to these 2 drugs in FIXgla-PC/HEK293 cells

Table 1. IC50 and possible targets of the 9 top-hit drugs on vitamin K–dependent carboxylation

Drugs

IC50 6 SD, nM

Potential target*
Increased INR or
bleeding risks†KO reduction K reduction

Warfarin 8 6 1 .10 000 KO reduction Yes

Nitazoxanide 124 6 9 .10 000 KO reduction Yes

Lansoprazole 967 6 49 .10 000 KO reduction Yes

Itraconazole 1 161 6 157 258 6 21 Vitamin K availability Yes

Clofazimine 789 6 91 2964 6 669 Vitamin K reduction Yes

Idebenone 1858 6 408 2196 6 621 Vitamin K reduction —

AM404 1976 6 590 2864 6 621 Vitamin K reduction —

Nelfinavir 8 305 6 1574 9 418 6 1 234 Vitamin K availability Yes

Orlistat .10000 .10 000 Vitamin K availability Yes

*If a drug targets multiple steps in the vitamin K redox cycle, the most severe inhibition is listed.

†References for increased INR and bleeding risks associated with each drug are listed in supplemental Table 2.
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overlapped with their responses in DGKO cells, suggesting that
the knockout of VKOR has less effect on the inhibition of VKD
carboxylation by these 2 drugs. Therefore, unlike warfarin,
idebenone and AM404 presumably target VKR for vitamin K
reduction. The inhibition of VKR by these 2 drugs is further
supported by the results of our cell-based vitamin K reduction
activity assay, which showed that idebenone and AM404 had
only a moderate effect on KO reduction (Figure 3B; supple-
mental Figure 3B), but abolished the reduction of vitamin K
(Figure 3C; supplemental Figure 3C).

The effect of clofazimine on VKD carboxylation appears to be
complex. FIXgla-PC/HEK293 cells were more sensitive to clo-
fazimine inhibition than were DGKO cells, suggesting that
clofazimine could have affected both KO and vitamin K re-
ductions (Figure 3D). To clarify this point, we determined the
effect of clofazimine on KO and vitamin K reductions by directly
measuring K vitamins in the corresponding cells. Clofazimine
affected both KO and vitamin K reductions (Figure 3E-F). It is
worth noting that clofazimine and idebenone also had a minor
effect on overall K vitamin levels in test cells (Figure 3B,E). This
could result from their effect on either vitamin K entering the
cells or metabolizing within the cells. We refer to this phe-
nomenon as the effect of vitamin K availability within the cells.

Nevertheless, these results suggest that idebenone, AM404,
and clofazimine mainly target VKR for vitamin K reduction.

Characterization of other top-hit drugs in
VKD carboxylation
Similar to clofazimine, VKD carboxylation in FIXgla-PC/HEK293
and DGKO cells had different sensitivities to itraconazole in-
hibition, suggesting that itraconazole affects both KO and vi-
tamin K reductions (Figure 3G). Meanwhile, the results of directly
measuring K vitamins in corresponding cells showed that itra-
conazole significantly affected vitamin K availability (Figure 3H-I).
With such a low vitamin K concentration within the test cells, it
was difficult to evaluate accurately the effect of itraconazole on
KO or vitamin K reduction.

In contrast, orlistat and nelfinavir affected the overall VKD car-
boxylation, but appeared to have no effect on the enzymatic
activity of vitamin K redox cycling (supplemental Figure 3D-I).
The decreased VKD carboxylation by orlistat and nelfinavir were
probably related to their effect on vitamin K availability, as it has
been shown that orlistat reduces the absorption of fat-soluble
vitamins, including vitamin K.45,46
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Figure 2. Characterization of drugs that inactivate VKOR for KO reduction. (A) Inhibition of VKD carboxylation by warfarin. FIXgla-PC/HEK293 cells were incubated with
increasing concentrations of warfarin in cell culture medium containing 5 mM KO (KOHEK293) or vitamin K (KHEK293) for cell-based activity and cell viability assays, as described in
the legend to Figure 1C. DGKO cells were used for a similar assay, with vitamin K serving as the substrate (KDGKO). Inhibition of VKD carboxylation by nitazoxanide (B) and
lansoprazole (C). FIXgla-PC/HEK293 and DGKO cells were incubated with increasing concentrations of the test drug in cell culture medium containing 5 mM KO (KOHEK293) and
vitamin K (KDGKO), respectively, for cell-based activity and cell viability assays. (D) Inhibition of KO reduction by warfarin, nitazoxanide, and lansoprazole in HEK293 cells. GGCX-
knockout HEK293 cells were incubated with 10 mM KO in the presence or absence of 10 mM test drug for 5 hours. DMSO-treated cells were used as the control. KO reduction
activity was evaluated by the production of vitamin K (red) in the chromatogram. (E) Inhibition of vitamin K reduction by warfarin, nitazoxanide, and lansoprazole in HEK293 cells.
DGKO cells were incubated with 10 mM vitamin K in the presence or absence of 10 mM of the test drug for 5 hours. DMSO-treated cells were used as the control. Vitamin K
reduction activity was evaluated by the production of KO (red) in the chromatogram.
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The 9 top-hit drugs affected VKD carboxylation with different
mechanisms. Bleeding complications associated with most of
these top-hit drugs have been clinically reported (supplemental
Table 2). The inhibition potency and the potential target of the
9 drugs on VKD carboxylation are presented in Table 1.Warfarin,
nitazoxanide, and lansoprazole mainly targeted VKOR for KO
reduction. Idebenone, clofazimine, and AM404 mainly inacti-
vated VKR for vitamin K reduction. Itraconazole, and probably
orlistat and nelfinavir, mainly affected vitamin K availability.

Inhibition of endogenous VKD protein
carboxylation by the top-hit drugs
A caveat of our cell-based assay is that the exogenously over-
expressed reporter protein may overload the reporter cells’
endogenous VKD carboxylation machinery, thus providing
biased results. To test this possibility, we examined the

carboxylation of the endogenous VKD proteins in HepG2 cells, a
liver cell line that produces coagulation factors. We incubated
the HepG2 cells with the individual drugs together with either
KO or vitamin K. The carboxylation efficiency of the endogenous
VKD proteins were detected by western blot analysis.47 Multiple
carboxylated endogenous VKD protein bands of different sizes
were detected when HepG2 cells were supplemented with KO
or vitamin K (Figure 4; controls). Warfarin, nitazoxanide, and
lansoprazole dramatically decreased the carboxylation of en-
dogenous VKD proteins when HepG2 cells were incubated with
KO (Fig. 4A), but had only a moderate effect on vitamin
K–treated cells (Fig. 4B), consistent with VKOR being their pri-
mary target. Itraconazole, as we have shown, can have effects on
vitamin K availability, and induced VKD carboxylation in both
KO- and vitamin K–treated cells. The effects of idebenone,
AM404, and clofazimine were somewhat unusual. For both

4

0

10

20

30

B

5 6 7 9 11 12

Time (min)

m
Vo

lts

8 10

Control

Idebenone

Standard

KO K

4

0

10

20

30

C

5 6 7 9 11 12

Time (min)

m
Vo

lts

8 10

Control

Idebenone

KO

K
Standard

4

0

10

20

30

H

5 6 7 9 11 12

Time (min)

m
Vo

lts

8 10

Control

Itraconazole

KO K

Standard

Time (min)
4

0

10

20

30

F

5 6 7 9 11 12

m
Vo

lts

8 10

Control

Clofazimine

KO

Standard

K

4

0

10

20

30

I

5 6 7 9 11 12

Time (min)

m
Vo

lts

8 10

Control

Itraconazole

KO

Standard

K

4

0

10

20

30

E

5 6 7 9 11 12

Time (min)

m
Vo

lts

8 10

Control

Clofazimine

KO

Standard

K

1

0

30

60

90

120

A

2

Log [idebenone, nM]

Ca
rb

ox
yla

tio
n 

ac
tiv

ity
/ c

el
l v

ia
bi

lit
y (

%
)

3 4

KOHEK293

KDGKO

Cell viability

1

0

30

60

90

120

D

2

Log [clofazimine, nM]

Ca
rb

ox
yla

tio
n 

ac
tiv

ity
/ c

el
l v

ia
bi

lit
y (

%
)

3 4 5

KOHEK293

KDGKO

Cell viability

0 1

0

30

60

90

120

G

2

Log [itraconazole, nM]

Ca
rb

ox
yla

tio
n 

ac
tiv

ity
/ c

el
l v

ia
bi

lit
y (

%
)

3 4 5

KOHEK293

KDGKO

Cell viability

Figure 3. Characterization of drugs that inactivate VKR for vitamin K reduction or affect vitamin K availability within the cells. Inhibition of VKD carboxylation by
idebenone (A), clofazimine (D), and itraconazole (G). FIXgla-PC/HEK293 and DGKO cells were incubated with increasing concentrations of the test drug in cell culture medium
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KO- and vitamin K–treated cells, idebenone and AM404 had
only minor effects on endogenous VKD protein carboxylation,
whereas clofazimine significantly decreased VKD carboxyla-
tion. The various effects on VKD carboxylation between the
VKR inhibitors may result from their different mechanisms of
action, as described in "Discussion." In general, these results
are consistent with results from the cell-based functional
studies where the VKD reporter protein is overexpressed in
the cells, suggesting that our cell-based assay is a useful tool
for the functional study of VKD carboxylation.

Reversal of the anticoagulant effect of the top-hit
drugs by vitamin K
It is well-documented that the oral anticoagulant, warfarin,
targets VKOR for KO reduction. This anticoagulation effect can
be rescued by the administration of vitamin K that is directly
reduced by VKR to support VKD carboxylation.48-52 However, if
the anticoagulation effect of VKA results from the inhibition of
VKR, this effect presumably cannot be rescued by administration
of vitamin K (Figure 1A). To test this hypothesis, we incubated
FIXgla-PC/HEK293 cells with each drug and with increasing
concentrations of vitamin K. As expected, high concentrations
of vitamin K recovered the reporter protein carboxylation to
;100% in warfarin-, nitazoxanide-, and lansoprazole-treated
cells (Figure 5A). However, vitamin K recovered only up to
60% carboxylation activity in idebenone-, clofazimine-, AM404-,
and itraconazole-treated cells.

In addition, drugs that inactivate VKOR for KO reduction (war-
farin, nitazoxanide, and lansoprazole) significantly increased the
half-maximal effective concentrations (EC50) of vitamin K,
whereas drugs that inactivate VKR for vitamin K reduction had
only minor effects on EC50 (Figure 5A-B). We reasoned that
the inactivation of VKOR blocks the reduction of KO to vitamin K.
Therefore, enough vitamin K supplementation of the cell culture
medium (increased EC50) will compensate for the inhibition of
KO reduction. However, inactivation of VKR decreases the ability
to produce KH2, the cofactor for VKD carboxylation (Figure 1A).

Therefore, high vitamin K concentrations will not compensate
for this defect.

Furthermore, a relatively high background signal was observed
in the control cells and some of the cells treated with drugs that
target vitamin K reduction, but not KO reduction (Figure 5A).
This high background signal presumably results from VKOR
recycling of the residual vitamin K in the cell culture medium,
which has been confirmed by vitamin K titration in VKOR
knockout cells (supplemental Figure 4).

Bleeding risks of the top-hit drugs in an
animal model
To confirm the results from the above cell-based studies, we
used a mouse model to examine the anticoagulation effect of
the identified top-hit drugs. We selected itraconazole and clo-
fazimine for the test, because bleeding complications have been
clinically reported in the use of these 2 drugs.26,27,53,54 We also
chose nitazoxanide for the animal test because, except for
warfarin, it has the highest anticoagulation potency (Table 1).
Similar to warfarin, all tested drugs have significantly increased
PT (P , .01; Figure 6). Administration of vitamin K rescued the
anticoagulation effect of warfarin and nitazoxanide, but not
itraconazole and clofazimine. These results are consistent with
results from the cell-based studies (Table 1; Figure 5A).

Discussion
The goal of this study was to establish a high-throughput ap-
proach for the screening of drugs that potentially cause bleeding
disorders by off-target inhibition of vitamin K redox cycling. This
requires a robust assay that is fast, reliable, easy to conduct, and
sensitive enough to monitor the complicated VKD carboxylation
reaction in its native environment. We reasoned that our recently
established cell-based assays33 for the functional assessment of
vitamin K cycle enzymes could be useful for achieving this goal.
Therefore, we adapted our cell-based assay for use in the high-
throughput screening of the 727 drugs in the NCC library that
potentially cause bleeding risks.

Warfarin, the most widely prescribed oral anticoagulant, was the
top candidate for bleeding risks in the screening. Character-
ization of warfarin for the inhibition of VKD carboxylation sug-
gests that it targets VKOR for KO reduction (Figure 2), which is
consistent with our knowledge that warfarin binds tightly near
the active site of VKOR to inhibit its activity.55-59 Our results also
suggest that, like warfarin, lansoprazole, and nitazoxanidemainly
inactivate VKOR. Lansoprazole is a proton pump inhibitor that
inhibits (H1/K1)-ATPase by forming disulfide bonds with the
sulfhydryl groups of the parietal proton pump.60-62 This inhibition
can be reversed by using reducing agents, such as dithiothreitol.
Because VKOR uses 2 free cysteines (C132XXC135 redox center)
for KO reduction,38,63 we assume that lansoprazole inactivates
VKOR by blocking the sulfhydryl groups of its active site cys-
teines. We confirmed this hypothesis by the VKOR in vitro ac-
tivity assay, showing that inactivation of VKOR by lansoprazole,
but not warfarin, can be recovered by dithiothreitol (supple-
mental Figure 5). The inhibition of VKOR activity by nitazoxanide
is probably associated with its function as an inhibitor of the
protein disulfide isomerase,64 which has been proposed to be
the physiological reductant of VKOR, serving as the electron
donor for the active site regeneration of VKOR.65,66
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proteins. HepG2 cells were incubated with 3 mM of the drug in cell culture medium
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However, it should be noted that drugs that affect the availability
of electron donors for multiple-step reductions of vitamin K not
only inhibit VKD carboxylation, but also could affect other im-
portant cellular functions, causing cytotoxicity. If this is the case,
one would expect the inhibition curve of VKD carboxylation to
closely follow the cell viability curve, as we observed in tegaserod
maleate (Figure 1D) and for those in supplemental Figure 1. As
the electron donors of the vitamin K cycle enzymes remain un-
known, the mechanisms of inhibition for these drugs must be
further clarified when the identity of these electron donors be-
come available.

Characterization of idebenone and clofazimine on VKD car-
boxylation suggests that these 2 drugs mainly inhibit VKR
for vitamin K reduction. It has been shown that clofazimine
competes with menaquinone-4 (vitamin K2) for reduction.67,68

Idebenone, an analog of ubiquinone, can be efficiently reduced
by NAD(P)H:quinone oxidoreductase 1,69 the enzyme that has
been proposed to reduce vitamin K in VKD carboxylation.70,71

Therefore, both clofazimine and idebenone probably function as
competitive inhibitors of vitamin K reduction to inhibit VKD
carboxylation. In addition, reduced clofazimine is spontaneously
reoxidized by O2 to release the reactive oxygen species.67,68 It
has been shown that reactive oxygen species can neutralize
reduced vitamin K (KH2),72,73 the cofactor of GGCX for VKD
carboxylation. This additional effect of clofazimine on VKD
carboxylation explains why clofazimine has a greater inhibitory
potency than idebenone and AM404 for VKD carboxylation
(Table 1; Figure 4). The molecular mechanisms of inhibition of
VKD carboxylation by itraconazole, nelfinavir, and AM404 are
not clear (Table 1). These drugs may not directly affect the
enzymatic activity of the vitamin K redox cycle; rather, they may
affect vitamin K availability within the cells, as some have been
reported to reduce the absorption of fat-soluble vitamins, in-
cluding vitamin K.45,46

Identifying drugs with off-target effects that inhibit vitamin K
redox cycling will help in preventing and controlling bleeding
disorders associated with ADRs. Functional screening of the
NCC library identified 9 candidate drugs with bleeding risks that

function as VKAs (Table 1). Most of these candidate drugs have
been associated with bleeding diatheses or have an increased
international normalized ratios (INRs) in patients (supplemental
Table 2). However, the mechanisms underlying these bleeding
events are unclear. Our results suggest that some of these drugs
inhibit VKOR activity, and others inhibit VKR activity for the
carboxylation of coagulation factors. Both cell-based and animal
model studies show that if a drug inactivates VKOR, its anti-
coagulation effect can be rescued by vitamin K administration
(Figures 5 and 6). However, if it inactivates VKR for vitamin K
reduction, its anticoagulation effect will not be rescued by vi-
tamin K. The differential inhibition of VKOR and VKR by these
drugs is consistent with their distinct chemical structures (sup-
plemental Figure 6), suggesting that these 2 enzymes pos-
sess different active sites for substrate and inhibitor binding.

100

80

60

40

20

0

0-1 1

Log [vitamin K, nM]
2 3 4

Ca
rb

ox
yla

tio
n 

ac
tiv

ity
 (%

)

Control

Warfarin

Nitazoxanide

Lansoprazole

Itraconazole

Clofazimine

Idebenone

AM404

A

Control

Warfarin

Nitazoxanide

Lansoprazole

Itraconazole

Clofazimine

Idebenone

AM404

16 ± 2

EC50 ± SD, nM

1

246

115

47

5

2

3

4

3944 ± 596

1840 ± 244

758 ± 165

76 ± 10

35 ± 4

55 ± 26

57 ± 6

Fold
increase

B

Figure 5. Reversal of the anticoagulation effect of the top-hit drugs by vitamin K. (A) FIXgla-PC/HEK293 cells were incubated with increasing concentrations of vitamin K
in cell culture medium containing 3 mM of the test drug or DMSO (control) for 24 hours. The carboxylation efficiency of the reporter protein was determined by ELISA. (B) EC50

of vitamin K for reporter protein carboxylation in the presence of the test drugs or DMSO (control).

25
** **

***
**

**
***

20

PT
 (m

in
)

15

10

Vit. K: -

DM
SO

W
ar

fa
rin

Nita
zo

xa
nid

e

Itr
ac

ona
zo

le

Clo
fa

zim
ine

+ - + - + - + - +

Figure 6. Anticoagulation effect of the selected top-hit drugs in a mousemodel.
BALB/c mice were treated with the test drugs for 7 consecutive days by intragastric
administration, either with or without vitamin K–supplemented drinking water.
Twenty-four hours after the final treatment, the PTs of the blood samples were
determined. **P , .01; ***P , .001.

CELL-BASED SCREENING OF DRUGS WITH BLEEDING RISKS blood® 13 AUGUST 2020 | VOLUME 136, NUMBER 7 905

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/136/7/898/1752717/bloodbld2019004234.pdf by guest on 30 M

ay 2024



Although the mechanism of inhibition of VKOR by warfarin has
been extensively studied by using biochemical approaches,
molecular dynamics simulations, and molecular docking,55-57,74

no mechanistic study or computational modeling is available for
the targeting of vitamin K cycle enzymes by other drugs. The
results of this study have laid the foundation for exploring
the mechanisms of action of other drugs impacting VKD
carboxylation.

Clinical drug dosages are generally evaluated by the drug
plasma concentrations. The half-maximal inhibition concentrations
(IC50) of the identified top-hit drugs in this study are significantly
smaller than (or close to) their known plasma concentrations,
which supports the clinical observation of bleeding risks in pa-
tients who are using these drugs. For example, bleeding risks
have been observed with the use of nitazoxanide at a daily dose
of 500 mg, which has a drug plasma concentration (35 mM)75 of
;300-fold higher than its IC50 (supplemental Table 1). On the
other hand, the plasma concentration of itraconazole (1 mM)76,77

at a dosage that caused bleeding disorders is similar to its IC50.
These dramatic variations between a drug’s plasma concen-
tration and its IC50 may occur because coagulation factors are
synthesized in the liver, which could have different drug con-
centrations than in the plasma. In addition, potential drug-drug
interactions with other anticoagulants may cause bleeding risks
at lower clinical dosages. For example, it has been reported
that concomitant use of itraconazole78,79 and nelfinavir80 with
warfarin elevates the INR and increases the bleeding risk of
anticoagulation therapy. Nevertheless, our results suggest
that when using these drugs in patients with anticoagulation
therapy, clinicians should be aware of bleeding risks that result
from off-target inhibition of the vitamin K cycle.

In summary, we have established a cell-based, high-throughput
approach for screening drugs that have bleeding risks caused by
off-target inhibition of vitamin K redox cycling. Functional
screening of the 727 drugs in the NCC library identified 9 drugs
that inhibit VKD carboxylation. Characterization of these drugs
suggests that some drugs inhibit VKD carboxylation by off-
targeting VKOR, whereas other drugs off-target VKR. Both
cell-based and animal model studies suggest that the anti-
coagulation effects resulting from drugs that off-target VKOR,
but not VKR, can be rescued by the administration of vitamin
K. Results of this study provide insights into the molecular
mechanisms of drug-induced bleeding as a result of off-target

inhibition of the vitamin K cycle and provide clues on the pre-
vention and management of related bleeding risks.
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Warfarin and vitamin K compete for binding to
Phe55 in human VKOR. Nat Struct Mol Biol.
2017;24(1):77-85.

58. Fasco MJ, Principe LM, Walsh WA, Friedman
PA. Warfarin inhibition of vitamin K 2,3-ep-
oxide reductase in rat liver microsomes.
Biochemistry. 1983;22(24):5655-5660.

59. Silverman RB. Model studies for a molecular
mechanism of action of oral anticoagulants.
J Am Chem Soc. 1981;103(13):3910-3915.

60. Nagata K, Takagi E, Tsuda M, et al. Inhibitory
action of lansoprazole and its analogs against
Helicobacter pylori: inhibition of growth is not
related to inhibition of urease. Antimicrob
Agents Chemother. 1995;39(2):567-570.

61. Nagaya H, Satoh H, Kubo K, Maki Y. Possible
mechanism for the inhibition of gastric (H1 1
K1)-adenosine triphosphatase by the proton
pump inhibitor AG-1749. J Pharmacol Exp
Ther. 1989;248(2):799-805.

62. Bosnjak T, Solberg R, Hemati PD, Jafari A,
Kassem M, Johansen HT. Lansoprazole in-
hibits the cysteine protease legumain by
binding to the active site. Basic Clin Pharmacol
Toxicol. 2019;125(2):89-99.

63. Wajih N, Sane DC, Hutson SM, Wallin R.
Engineering of a recombinant vitamin
K-dependent gamma-carboxylation system
with enhanced gamma-carboxyglutamic acid
forming capacity: evidence for a functional
CXXC redox center in the system. J Biol Chem.
2005;280(11):10540-10547.

64. Di Santo N, Ehrisman J. Research perspective:
potential role of nitazoxanide in ovarian can-
cer treatment. Old drug, new purpose?
Cancers (Basel). 2013;5(3):1163-1176.

65. Rutkevich LA, Williams DB. Vitamin K epoxide
reductase contributes to protein disulfide
formation and redox homeostasis within the

endoplasmic reticulum. Mol Biol Cell. 2012;
23(11):2017-2027.

66. Wajih N, Hutson SM, Wallin R. Disulfide-
dependent protein folding is linked to oper-
ation of the vitamin K cycle in the endoplasmic
reticulum: a protein disulfide isomerase-
VKORC1 redox enzyme complex appears to
be responsible for vitamin K1 2,3-epoxide
reduction. J Biol Chem. 2007;282(4):
2626-2635.

67. Lechartier B, Cole ST. Mode of Action of
Clofazimine and Combination Therapy with
Benzothiazinones against Mycobacterium tu-
berculosis. Antimicrob Agents Chemother.
2015;59(8):4457-4463.

68. Yano T, Kassovska-Bratinova S, Teh JS, et al.
Reduction of clofazimine by mycobacterial
type 2 NADH:quinone oxidoreductase: a
pathway for the generation of bactericidal
levels of reactive oxygen species. J Biol Chem.
2011;286(12):10276-10287.

69. Haefeli RH, Erb M, Gemperli AC, et al. NQO1-
dependent redox cycling of idebenone: ef-
fects on cellular redox potential and energy
levels. PLoS One. 2011;6(3):e17963.

70. Wallin R, Gebhardt O, Prydz H. NAD(P)H
dehydrogenase and its role in the vitamin K
(2-methyl-3-phytyl-1,4-naphthaquinone)-
dependent carboxylation reaction. Biochem
J. 1978;169(1):95-101.

71. Fasco MJ, Principe LM. Vitamin K1 hydro-
quinone formation catalyzed by DT-
diaphorase. Biochem Biophys Res Commun.
1982;104(1):187-192.

72. Vervoort LM, Ronden JE, Thijssen HH. The
potent antioxidant activity of the vitamin K
cycle in microsomal lipid peroxidation.
Biochem Pharmacol. 1997;54(8):871-876.

73. Mukai K, Morimoto H, Kikuchi S, Nagaoka S.
Kinetic study of free-radical-scavenging action

of biological hydroquinones (reduced forms of
ubiquinone, vitamin K and tocopherol qui-
none) in solution. Biochim Biophys Acta. 1993;
1157(3):313-317.

74. Lewis BC, Nair PC, Heran SS, et al. Warfarin
resistance associated with genetic poly-
morphism of VKORC1: linking clinical re-
sponse to molecular mechanism using
computational modeling. Pharmacogenet
Genomics. 2016;26(1):44-50.

75. U.S. Food and Drug Administration.
Prescribing information for nitazoxanide tab-
lets. White Oak,MD: U.S. Food and Drug
Administration; 2005. https://www.access-
data.fda.gov/drugsatfda_docs/label/2005/
021818lbl.pdf.

76. U.S. Food and Drug Administration.
Prescribing information for itraconazole.White
Oak, MD: U.S. Food and Drug Administration;
2010. https://www.accessdata.fda.gov/drug-
satfda_docs/label/2010/022484S000lbl.pdf.

77. Heykants J, Van Peer A, Van de Velde V, et al.
The clinical pharmacokinetics of itraconazole:
an overview. Mycoses. 1989;32(Suppl 1):
67-87.

78. Bungard TJ, Yakiwchuk E, Foisy M,
Brocklebank C. Drug interactions involving
warfarin: practice tool and practical manage-
ment tips. Can Pharm J. 2011;144(1):21-25.

79. Van Puijenbroek EP, Egberts AC, Meyboom
RH, Leufkens HG. Signalling possible drug-
drug interactions in a spontaneous reporting
system: delay of withdrawal bleeding during
concomitant use of oral contraceptives and
itraconazole. Br J Clin Pharmacol. 1999;47(6):
689-693.

80. Fulco PP, Zingone MM, Higginson RT.
Possible antiretroviral therapy-warfarin drug
interaction. Pharmacotherapy. 2008;28(7):
945-949.

908 blood® 13 AUGUST 2020 | VOLUME 136, NUMBER 7 CHEN et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/136/7/898/1752717/bloodbld2019004234.pdf by guest on 30 M

ay 2024

https://www.accessdata.fda.gov/drugsatfda_docs/label/2005/021818lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2005/021818lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2005/021818lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2010/022484S000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2010/022484S000lbl.pdf

