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Abstract: Dabigatran is a novel oral anticoagulant that directly inhibits free and fibrin-bound throm-
bins and exerts rapid and predictable anticoagulant effects. While the use of this reagent has been
associated with an increased risk of gastrointestinal bleeding, the reason why dabigatran use increases
gastrointestinal bleeding risk remains unknown. We investigated the cytotoxicity of dabigatran etex-
ilate and tartaric acid, the two primary components of dabigatran. The cytotoxicity of dabigatran
etexilate and tartaric acid was measured in a cell viability assay. Intracellular mitochondrial reactive
oxygen species (mitROS) production and lipid peroxidation were measured using fluorescence dyes.
Cell membrane viscosity was measured using atomic force microscopy. The potential of ascorbic
acid as an inhibitor of dabigatran cytotoxicity was also evaluated. The cytotoxicity of dabigatran
etexilate was higher than that of tartaric acid. Dabigatran etexilate induced mitROS production and
lipid peroxidation and altered the cell membrane viscosity. Ascorbic acid inhibited the cytotoxicity
and mitROS production induced by dabigatran etexilate. Therefore, we attributed the cytotoxicity of
dabigatran to dabigatran etexilate, and proposed that the cytotoxic effects of dabigatran etexilate are
mediated via mitROS production. Additionally, we demonstrated that dabigatran cytotoxicity can be
prevented via antioxidant treatment.

Keywords: dabigatran etexilate; mitochondrial reactive oxygen species; lipid peroxidation; atomic
force microscopy; antioxidant

1. Introduction

Dabigatran and warfarin are anticoagulant drugs used to prevent stroke in patients
with atrial fibrillation [1]. Warfarin is a vitamin K antagonist that inhibits the activation of
clotting factors II, VII, IX, and X [2]. Vitamin K antagonists exhibit multiple interactions with
food and drugs; therefore, patients who are prescribed these drugs need to be monitored
frequently. Dabigatran is a novel oral anticoagulant that was approved by the FDA in
2010 [3]. Dabigatran directly inhibits free and fibrin-bound thrombin and exhibits rapid
and predictable anticoagulant effects [4,5]. Dabigatran prevents embolic events in patients
with non-hemorrhagic stroke and atrial fibrillation and can be used in a safe and effective
manner without the need for monitoring and dose adjustment, in contrast to warfarin,
which requires continuous monitoring [6]. Moreover, dabigatran is well-tolerated, exhibits
predictable pharmacokinetics, and induces effective anticoagulant effects. Therefore, the
use of dabigatran is increasing worldwide.

Dabigatran capsules are composed of cores of tartaric acid coated with dabigatran
etexilate, which is a prodrug of dabigatran. As a prodrug, dabigatran etexilate does not
directly inhibit thrombin. After oral administration, the low pH in the stomach facilitates
the conversion of dabigatran etexilate into dabigatran, the active form that acts as a direct
thrombin inhibitor [7]. Moreover, the presence of tartaric acid promotes the acidity of the
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environment, which further assists in the conversion of dabigatran etexilate to dabiga-
tran [8]. The widespread use of dabigatran has led to increased reports of gastrointestinal
(GI) bleeding risk associated with its use [9]. Additionally, the risk of GI bleeding associated
with dabigatran has been found to be higher than that associated with warfarin [3,10].
Several researchers have reported that tartaric acid plays an important role in the induction
of GI bleeding [5,11]. It has been postulated that tartaric acid adheres to the esophagus and
damages the esophageal mucosa, which sheds after peristalsis [12]. However, the precise
reason why dabigatran use increases the risk of GI bleeding remains unknown.

To investigate why dabigatran use is associated with an increased risk of bleeding,
we investigated the role of reactive oxygen species (ROS), especially mitochondrial ROS
(mitROS). In a previous report, we investigated the relationship between certain drugs and
mitROS. We found that indometacine and bisphosphonate induce cytotoxicity via mitROS
production [13,14]. However, it has been found that antioxidants can prevent mitROS
cytotoxicity [15,16]. MitROS induce lipid peroxidation and DNA damage [17] and act
as mediators of intracellular signaling cascades that can trigger mitochondria-associated
damaging events, such as apoptosis via regulation of the Bcl-2/Bax balance [18]. Therefore,
any agents, such as antioxidants, that reduce mitROS production can help prevent cellular
injury and inhibit dabigatran etexilate-associated cytotoxicity.

In this study, we investigated the cytotoxicity of dabigatran etexilate and tartaric acid,
the two main components of dabigatran, using a rat gastric epithelial cell line (RGM-1). We
hypothesized that dabigatran etexilate or tartaric acid induces mitROS production, thereby
causing cytotoxicity in normal cells and inducing GI bleeding when dabigatran is used.
As indometacine and bisphosphonate induce GI bleeding and cytotoxicity via mitROS
production, we focused on the mitROS. We also investigated whether antioxidants can
attenuate the cytotoxicity of dabigatran etexilate and/or tartaric acid.

2. Materials and Methods
2.1. Cell Culture

Cells from the rat gastric epithelial cell line RGM-1 were purchased from the Riken
Cell Bank (Ibaraki, Japan) and cultured in DMEM/F12 with L-glutamine (Life Technologies
Japan Ltd., Tokyo, Japan). The culture medium was supplemented with 10% inactivated
fetal bovine serum (GE Healthcare Life Sciences, Amersham Place, UK) and 1% peni-
cillin/streptomycin (Wako Pure Chem. Ind. Ltd., Osaka, Japan). The cells were cultured in
5% CO2 at 37 ◦C.

2.2. Cell Viability Assay

The cell viability was evaluated using a Cell Counting Kit-8 (Dojindo, Tokyo, Japan)
according to manufacturer’s protocol. Cell Counting Kit-8 is a kit for measuring the
number of cells in cell proliferation or chemical sensitivity tests. WST-8 (2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4disulfophenyl)-2H-tetrazolium, monosodium salt),
which is a reagent, is reduced by intracellular dehydrogenase to produce water-soluble
formazan, and the absorbance of this formazan at 450 nm can be directly measured to
easily determine the number of viable cells. Cells were seeded on 96-well plates at a
density of 2.5 × 103 cells/well and incubated overnight. The supernatant was aspirated
and replaced with a medium containing 1 or 5 µM dabigatran etexilate (Chemscene, LLC,
Monmouth Junction, NJ, USA) or tartaric acid (Wako). The cells were then incubated at
37 ◦C for 24 h. After incubation, the cells were incubated with 10% Cell Counting Kit-8
reagent. The absorbance was measured at 450 nm using a Synergy H1 microplate reader
(BioTek Instruments Inc., Winooski, VT, USA). The cells were treated with ascorbic acid to
determine its effect. Cells were seeded on 96-well plates at a density of 2.5 × 103 cells/well
and incubated overnight. The supernatant was aspirated and replaced with a medium
containing 0, 50, or 100 µM dabigatran etexilate with or without 500 µM ascorbic acid
(Wako). The cells were incubated at 37 ◦C for 24 h, and cell viability was measured using
the Cell Counting Kit-8.
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2.3. Intracellular mitROS Measurement

MitoSOX (Thermo Fisher Scientific K.K., Kanagawa, Japan) was used to detect mitROS.
Cells were seeded on 96-well plates at a density of 1 × 104 cells/well and incubated
overnight. The supernatant was aspirated and replaced with a medium containing 0,
10, 15, 20, or 25 µM dabigatran etexilate. The cells were then incubated at 37 ◦C for 6 h.
After aspirating the supernatant, the cells were incubated with 5 µM MitoSOX for 10 min.
After incubation, the medium was replaced with MSF buffer, containing 5.4 mM KCl,
136.9 mM NaCl, 8.3 mM glucose, 0.44 mM KH2PO4, 0.33 Na2HPO4, 10.1 mM HEPES,
1 mM MgCl2.6H2O, and 1 mM CaCl2.2H2O. Fluorescence intensity was measured using a
fluorescence microscope (Olympus, IX83). MitoSOX excitation was induced at 535–555 nm,
and the emission spectra were recorded using a 570–625 nm filter. To determine the effect
of ascorbic acid, the cells were seeded on 24-well plates at a density of 1 × 105 cells/well
and incubated overnight. The supernatant was aspirated and the cells were incubated in a
medium containing 25 µM dabigatran etexilate with or without 500 µM ascorbic acid. We
confirmed that this ascorbic acid concentration did not cause cell injury in RGM1 (data not
shown). The cells were incubated for 6 h, the supernatant was aspirated, and MSF was added.
The fluorescence intensity of MitoSOX was measured using fluorescence microscopy.

2.4. Evaluation of Lipid Peroxidation

Lipid peroxidation was measured using diphenyl-1-pyrenylphosphine (DPPP) (Do-
jindo). Cells were seeded on a 6-well plate at a density of 5 × 104 cells/well and incubated
for 2 days. The supernatant was aspirated, and the cells were incubated in a medium
containing 10 µM DPPP for 10 min. After incubation, the supernatant was aspirated, and
the cells were incubated in a medium containing 0, 25, 50, and 100 µM dabigatran etexilate.
The cells were incubated for 1 h, the supernatant was aspirated, and FluoroBrite DMEM
(Thermo) was added. The fluorescence intensity of DPPP was measured using fluorescence
microscopy. DPPP fluorescence excitation was induced at 340–390 nm, and the emission
spectra were recorded at 420 nm.

2.5. Measurement of Cell Membrane Viscosity using Atomic Force Microscopy

The cultured cells were observed using AC mode atomic force microscopy (AFM),
and the viscoelastic loss tangent (tan δ) was estimated from the relationship between the
measured amplitude image and the phase image [19]. The value of tan δ was estimated
with following equation.

tan δ =
ω

ωfree
V

Vfree
− sin ϕ

Q V
Vfree

(
1 − ω2

ω2
free

)
− cos ϕ

Here, w, Q, V, and j are the cantilever drive frequency, quality factor, the cantilever
amplitude, and the phase, respectively. wfree and Vfree are the free reference values of the
drive frequency and the amplitude when the cantilever is separated from the sample by a
height of ∆z.

The viscoelastic loss tangent tan δ of a material is a dimensionless parameter that
measures the ratio of energy dissipated to energy stored in one cycle of a periodic deforma-
tion [20]; it is the parameter indicating the viscoelasticity of the cell. The cells were seeded
in a 60 mm dish. After incubation, the cells were stimulated with 25 µM dabigatran for 6 h.
After exposure, the cell membrane viscosity was measured using AFM in the loss tangent
mode [19,20].

2.6. Measurement of The Mitochondrial Membrane Potential using JC-1

The mitochondrial membrane potential was measured using JC-1 (5,5’,6,6’-tetrachloro-
1,1’,3,3’-tetraethyl benzimidazolyl carbocyanine iodide/chloride) [21]. Cells were cultured
in a 4-well chamber at 2.5 × 104 cells/well and incubated for 5 days. The supernatant was
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aspirated and the cells were incubated in a medium with or without 25 µM dabigatran
etexilate for 6 h. After incubation, the supernatant was aspirated and the cells were
incubated in a medium containing 2 µM JC-1. The cells were then incubated for 30 min.
The supernatant was aspirated and the cells were rinsed twice with PBS, following which
MSF was added. JC-1 red fluorescence excitation was induced at 535–555 nm, and the
emission spectra were recorded at 570–625 nm. JC-1 green fluorescence excitation was
induced at 460–480 nm, and the emission spectra were recorded at 495–540 nm.

2.7. Statistical Analysis

Each experiment was performed independently at least three times. Data are ex-
pressed as the means ± SD and were assessed by an analysis of variance. Individual
groups were compared by Tukey’s post hoc or Student’s t-test with p < 0.05 considered
statistically significant.

3. Results
3.1. Dabigatran Etexilate induces Cytotoxicity in Normal Gastric Cells

The cytotoxicities of both dabigatran etexilate and tartaric acid were analyzed using
the WST assay. Cells were stimulated with different concentrations of dabigatran etexilate
and tartaric acid for 24 h. The cytotoxicity of dabigatran etexilate increased significantly in
a dose-dependent manner (Figure 1A), while tartaric acid did not induce cytotoxicity at
concentrations less than 100 µM (Figure 1B). The cytotoxicity of dabigatran etexilate was
higher than that of tartaric acid. The IC50 of dabigatran was 26.3 µM.
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Figure 1. The cytotoxicity effect of (A) dabigatran etexilate and (B) tartaric acid. RGM1 cells were
exposed to culture medium containing several concentrations of dabigatran etexilate or tartaric
acid for 24 h, then a cell viability assay was performed. Data are expressed as means ± SD (n = 6).
** p < 0.01.

3.2. Dabigatran Increases mitROS Production

Intracellular mitROS production was measured using MitoSOX. Cells were incubated
in a medium with or without dabigatran etexilate. The cell viability in 25 µM dabiga-
tran etexilate was decreased down to 50% for 24 h incubation (Figure 1A). In this study,
to evaluate the mechanisms of cell injury by dabigatran etexilate, we selected the 0 to
25 µM concentration and 6 h incubation time. The fluorescence intensity of MitoSOX was
measured. The fluorescence microscopic images showed that the fluorescence intensity
of MitoSOX increased in a dose-dependent manner (Figure 2A). In particular, the intra-
cellular fluorescence intensity of MitoSOX increased significantly upon treatment with
20 and 25 µM dabigatran etexilate compared to that obtained upon treatment with 0 µM
dabigatran etexilate (Figure 2B).



Cells 2021, 10, 2508 5 of 13

Cells 2021, 10, x FOR PEER REVIEW 5 of 13 
 

 

sity of MitoSOX increased in a dose-dependent manner (Figure 2A). In particular, the in-
tracellular fluorescence intensity of MitoSOX increased significantly upon treatment with 
20 and 25 μM dabigatran etexilate compared to that obtained upon treatment with 0 μM 
dabigatran etexilate (Figure 2B).  

 
Figure 2. The fluorescence intensity of MitoSOX. (A) Fluorescent microscopy utilized to assess cellular uptake of MitoSOX. 
(B) Data are expressed as means ± SD (n =20). The sample size is the number of cells in the analyzed images. Ex = 535–555 
nm and Em = 570–625 nm. **p < 0.01. 

3.3. Dabigatran Etexilate induces Lipid Peroxidation 
Since ROS induce lipid peroxidation, we measured the lipid peroxidation of cells us-

ing DPPP. The cells were incubated in a medium with or without dabigatran etexilate. 
After incubation, the fluorescence intensity of DPPP increased in a dose-dependent man-
ner, as evident in the fluorescence microscopic images (Figure 3A). The intracellular fluo-
rescence intensity of DPPP increased significantly upon treatment with 50 and 100 μM 
dabigatran etexilate compared to that obtained upon treatment with 0 μM dabigatran 
etexilate (Figure 3B). 

Figure 2. The fluorescence intensity of MitoSOX. (A) Fluorescent microscopy utilized to assess cellular uptake of Mi-
toSOX. (B) Data are expressed as means ± SD (n =20). The sample size is the number of cells in the analyzed images.
Ex = 535–555 nm and Em = 570–625 nm. ** p < 0.01.

3.3. Dabigatran Etexilate induces Lipid Peroxidation

Since ROS induce lipid peroxidation, we measured the lipid peroxidation of cells using
DPPP. The cells were incubated in a medium with or without dabigatran etexilate. After
incubation, the fluorescence intensity of DPPP increased in a dose-dependent manner, as
evident in the fluorescence microscopic images (Figure 3A). The intracellular fluorescence
intensity of DPPP increased significantly upon treatment with 50 and 100 µM dabiga-
tran etexilate compared to that obtained upon treatment with 0 µM dabigatran etexilate
(Figure 3B).
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3.4. Dabigatran Etexilate Alters Cell Membrane Viscosity

Cell membrane viscosity was measured using AFM. Figure 4A,B show the phase-
contrast images obtained using an optical microscope. AFM was performed to observe the
area surrounded by the dashed line in Figure 4A,B. Figure 4C–J show the AFM images of
the topography, amplitude, phase, and loss tangent for dabigatran etexilate (−) and (+)
groups, respectively. The AFM amplitude images indicate the elasticity component, and the
AFM phase images indicate the viscosity component. The loss tangent was estimated from
the amplitude and phase value, which together indicate the viscoelasticity component of
the cell. Comparing Figure 4E–H, the stripe images in Figure 4E,G are clearer than those in
Figure 4F,H. The loss tangent values of the stripe structure in Figure 4H,J were greater than
those of the cell membrane, indicating greater cytosolic elasticity. Therefore, the dabigatran
etexilate (−) cells, which more clearly showed the stripe structure (as observed using AFM),
were more elastic. The values of tan δ in Figure 4J are lower than those in Figure 4I. The
most frequent values of the loss tangent in Figure 4G,H were estimated to be 1.1 and 0.25,
respectively (Figure 4K,L). Tan δ is the parameter indicating the viscoelasticity of the cell.
Dabigatran etexilate treatment decreased the elasticity and increased the viscosity of the
cell. The value of the loss tangent in dabigatran etexilate-treated cells was lower than
that in non-treated cells. This suggests that the dabigatran etexilate treatment promoted
cell viscosity.
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3.5. Ascorbic Acid Suppresses the Cytotoxicity of Dabigatran Etexilate via the Inhibition of
mitROS Production

The cells were incubated with ascorbic acid to suppress the cytotoxicity of dabigatran
etexilate. Compared to untreated cells, the ascorbic acid-treated cells remained viable
(Figure 5). Ascorbic acid can inhibit ROS generation induced by dabigatran etexilate,
as measured using MitoSOX. Dabigatran etexilate induced intracellular ROS production,
which was subsequently inhibited in response to treatment with ascorbic acid (Figure 6A,B).
Moreover, the mitochondrial membrane potential was observed using JC-1 under a fluores-
cence microscope. The ratio of red/green fluorescence in the dabigatran etexilate-treated
cells was lower than that in the untreated cells. Moreover, this ratio in the dabigatran
etexilate cells treated with ascorbic acid was greater than that in the cells without ascorbic
acid, suggesting that dabigatran etexilate-induced decrease in the mitochondrial membrane
potential was suppressed by ascorbic acid (Figure 7A,B).
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Figure 7. The fluorescence intensity of JC-1. The cells were incubated in a medium containing 25 µM dabigatran etexilate
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sample size is the number of cells in the analyzed images. * p < 0.05, ** p < 0.01.

4. Discussion

In this study, we investigated the roles of dabigatran etexilate and tartaric acid in
order to elucidate the mechanism underlying dabigatran cytotoxicity. We found that
dabigatran etexilate induced greater cytotoxicity in normal mucosal cells than tartaric acid
via induction of mitROS production. Dabigatran etexilate also induced lipid peroxidation
and altered the cellular viscoelasticity. The cytotoxicity, mitROS production, and decrease
in the mitochondrial membrane potential with dabigatran etexilate were inhibited upon
combined treatment with an antioxidant.

Dabigatran is an oral direct thrombin inhibitor. Idarucizumab reverses the effects
of dabigatran by binding to it with an affinity that is 350 times higher than that of
thrombin [22,23]. Dabigatran is an effective anticoagulant with a favorable bleeding profile
in patients without regular monitoring. However, GI bleeding is reported as a side effect in
patients treated with dabigatran [24,25]. Therefore, it is important to identify the mecha-
nism underlying dabigatran-induced bleeding. Dabigatran etexilate and tartaric acid are
the primary components of dabigatran. Dabigatran etexilate is absorbed at a low pH [26];
thus, a tartaric acid core is provided in dabigatran capsules [8]. Tartaric acid can create an
acidic environment as it has pKa values of 2.98 and 4.34 [27]. Hence, it has been suggested
that dabigatran cytotoxicity may be induced by the tartaric acid core contained within
the capsule, which maintains the low-pH environment required to activate dabigatran
etexilate. In this study, we compared the cytotoxicities of dabigatran etexilate and tartaric
acid. Tartaric acid did not induce cellular damage at concentrations less than 10 mM (data
not shown). The cell viability decreased by 40% after treatment with 100 µM dabigatran
etexilate (Figure 1). However, the in vitro results may not necessarily indicate the in vivo
results. At least in this study, the cytotoxicity of dabigatran etexilate was higher than that
of tartaric acid. It is thought that dabigatran cytotoxicity may be induced by unconverted
dabigatran etexilate. To our knowledge, this is the first study to investigate this hypothesis.
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We evaluated the relationship between dabigatran and mitROS as a cytotoxic mech-
anism. We have previously reported the relationship between gastric mucosal injury
and clinical drugs. Nonsteroidal anti-inflammatory drugs (NSAIDs) cause GI complica-
tions such as ulcers and erosions. This is most likely due to cyclooxygenase inhibition,
prostaglandin deficiency, and neutrophil activation and infiltration, among other fac-
tors [28]. NSAIDs have also been reported to induce mitochondrial injury by reducing
the mitochondrial transmembrane potential (MTP) [29]. We reported that indomethacin
induces both MTP reduction and cellular apoptosis and that rebamipide exerts a protective
effect on mitochondrial membrane stability [30]. We further reported that bisphosphonate,
which is used for the treatment of postmenopausal osteoporosis, also induces injury via
mitROS production, which can be prevented by antioxidants [14,15]. Based on these results,
we concluded that the cytotoxicity of dabigatran etexilate may be strongly influenced by
mitROS. Indeed, the intracellular fluorescence intensities of MitoSOX and DPPP were
increased upon treatment with dabigatran etexilate (Figures 2 and 3). Therefore, dabigatran
etexilate induced mitROS production and membrane lipid peroxidation.

Membrane lipids are composed of one polar head and two hydrophobic hydrocarbon
tails. Each tail is composed of saturated and poly-unsaturated fatty acyl chains. Lipid
peroxidation is induced by a ROS-mediated attack on lipids containing carbon–carbon
double bonds [31]. The fluidity of a cell membrane depends on its composition [32]. The
length and saturation of fatty acid tails significantly affect the cell membrane fluidity.
We have previously reported that promoting lipid peroxidation of cellular membranes
alters the fluidity [33]. To evaluate the cell membrane fluidity, we measured the cellular
membrane viscoelasticity using AFM. For a fluid mosaic model, the lateral movements and
distributions of membrane components are restrained by such factors as the membrane
domains, cytoskeletal interactions, extracellular matrix interactions, membrane protein
interactions, and lipid–lipid interactions [34]. These membrane components determine
the physical properties of the cells, such as viscoelasticity. Therefore, by measuring the
viscoelasticity of cells, a correlation with membrane fluidity can be obtained. However,
the methods for measuring the membrane fluidity without affecting the properties of the
cell membrane are limited. Atomic force microscopy (AFM) has shown many successes in
measuring the shape and mechanical properties of cells without affecting the cell mem-
brane, such as the state of cytoskeletons, the elastic cytoplasm, and the viscoelasticity of
cells [19,35–38]. In this study, the viscoelastic modulus of cells was obtained using the
loss-tangent method, which is one of the AFM measurement methods. The viscoelastic loss
tangent tan δ of a material is a dimensionless parameter that measures the ratio of energy
dissipated to energy stored in one cycle of a periodic deformation, and it is the parameter
for the viscoelasticity of a cell.

In this study, we focused on the relationship between mitROS production and cellular
membrane viscoelasticity using AFM. Dabigatran etexilate can enhance mtROS production
(Figure 2). An increase in mitROS production accelerates the changes in cell membrane
fluidity and makes the stripe structure more elastic than the cell membrane, as shown in
Figure 4C,D. The stripe structure is composed of actin filaments. As shown in Figure 4D,
the number of actin filaments increased after dabigatran treatment. Since actin filaments are
one of the factors that determine the elastic moduli of cells [39], their reduction reduces the
elastic moduli. The values of tan δ decreased after dabigatran treatment, indicating that the
viscosity of cells increased with dabigatran treatment. In particular, dabigatran treatment
reduced the elastic modulus and increased the viscosity to change the viscoelasticity of
the cells. Moreover, dabigatran etexilate is involved in cellular lipid peroxidation. Lipid
peroxidation induces structural transitions in membranes and affects their orientation
and fluidity [40]. Dabigatran etexilate altered the cellular viscoelasticity, actin formation,
and lipid peroxidation. The lipid peroxidation in cellular membrane is promoted by ROS
production. In this study, dabigatran etexilate increased the mitROS production. Taken
together, dabigatran etexilate altered the properties of the cell membrane. Dabigatran etexi-
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late also enhanced the mitROS production; thus, we considered that the alteration of the
properties of the cell membrane may have been induced by increasing mitROS production.

We demonstrated that ascorbic acid could attenuate the cytotoxicity of dabigatran etex-
ilate. Ascorbic acid is a typical antioxidant and it was found to prevent cellular injury and
mitROS production induced by dabigatran etexilate (Figures 5 and 6). The mitochondrial
membrane potential was evaluated using JC-1, which is a cationic dye that accumulates
in energized mitochondria. In cells with low MTP, JC-1 remains in a monomeric form
that emits green fluorescence. In healthy cells with high MTP concentrations, JC-1 forms
complexes known as J-aggregates with intense red fluorescence. A higher ratio of red to
green fluorescence indicates greater mitochondrial membrane polarization [41]. Ascorbic
acid can prevent the decrease in the mitochondrial membrane potential by dabigatran
etexilate (Figure 7). It has been reported that the decrease in the mitochondrial mem-
brane potential is the phenomena associated with apoptosis [42,43]. Ascorbic acid not
only prevents mitochondrial fission but also decreases oxidative stress and apoptosis [44].
Therefore, increased mitROS production can accelerate cytotoxicity caused by dabigatran
etexilate, especially in its contribution to apoptosis signaling. Ascorbic acid inhibits mitROS
production and thereby prevents dabigatran etexilate cytotoxicity.

5. Conclusions

Dabigatran etexilate exhibited greater cytotoxicity than tartaric acid by inducing
mitROS production. Therefore, the lowering of mitROS production by antioxidants, such as
ascorbic acid, can help attenuate the cytotoxicity of dabigatran etexilate. We confirmed that
dabigatran etexilate was responsible for dabigatran-mediated injury and concluded that
dabigatran cytotoxicity can be inhibited by treatment with the antioxidant ascorbic acid.

Author Contributions: H.K., A.T., H.S. and H.M. designed the experiments. H.K., A.T. and H.M.
wrote the manuscript. H.K., A.T. and H.S. performed and analyzed the experiments. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was partially supported by JSPS Grant-in-Aid for Scientific Research JP17H06088,
JP19H02591 and JP19K16854 and CREST (JPMJCR1875).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest associated with this manuscript.

References
1. Yu, Y.B.; Liu, J.; Fu, G.H.; Fang, R.Y.; Gao, F.; Chu, H.M. Comparison of dabigatran and warfarin used in patients with non-valvular

atrial fibrillation: Meta-analysis of random control trial. Medicine 2018, 97, e12841. [CrossRef]
2. Ageno, W.; Gallus, A.S.; Wittkowsky, A.; Crowther, M.; Hylek, E.M.; Palareti, G. Oral anticoagulant therapy: Antithrombotic

Therapy and Prevention of Thrombosis, 9th ed: American College of Chest Physicians Evidence-Based Clinical Practice Guidelines.
Chest 2012, 141, e44S–e88S. [CrossRef] [PubMed]

3. 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. [CrossRef]

4. Lin, S.; Wang, Y.; Zhang, L.; Guan, W. Dabigatran must be used carefully: Literature review and recommendations for management
of adverse events. Drug. Des. Dev. Ther. 2019, 13, 1527–1533. [CrossRef] [PubMed]

5. Blommel, M.L.; Blommel, A.L. Dabigatran etexilate: A novel oral direct thrombin inhibitor. AJHP Off. J. Am. Soc. Health-Syst.
Pharm. 2011, 68, 1506–1519. [CrossRef]

6. Gomez-Outes, A.; Terleira-Fernandez, A.I.; Calvo-Rojas, G.; Suarez-Gea, M.L.; Vargas-Castrillon, E. Dabigatran, Rivaroxaban, or
Apixaban versus Warfarin in Patients with Nonvalvular Atrial Fibrillation: A Systematic Review and Meta-Analysis of Subgroups.
Thrombosis 2013, 2013, 640723. [CrossRef]

7. Van Ryn, J.; Hauel, N.; Wienen, W.; Clemens, A. Dabigatran Etexilate: Pharmacology of the New, Oral Direct Thrombin Inhibitor.
J. Jpn. Soc. Thromb. Hemost. 2011, 22, 143–150. [CrossRef]

8. Ellis, C.R.; Kaiser, D.W. The clinical efficacy of dabigatran etexilate for preventing stroke in atrial fibrillation patients. Vasc. Health.
Risk. Manag. 2013, 9, 341–352. [CrossRef]

http://doi.org/10.1097/MD.0000000000012841
http://doi.org/10.1378/chest.11-2292
http://www.ncbi.nlm.nih.gov/pubmed/22315269
http://doi.org/10.1056/NEJMoa0905561
http://doi.org/10.2147/DDDT.S203112
http://www.ncbi.nlm.nih.gov/pubmed/31190734
http://doi.org/10.2146/ajhp100348
http://doi.org/10.1155/2013/640723
http://doi.org/10.2491/jjsth.22.143
http://doi.org/10.2147/VHRM.S28271


Cells 2021, 10, 2508 12 of 13

9. Charlton, B.; Redberg, R. The trouble with dabigatran. BMJ 2014, 349, g4681. [CrossRef] [PubMed]
10. Bloom, B.J.; Filion, K.B.; Atallah, R.; Eisenberg, M.J. Meta-analysis of randomized controlled trials on the risk of bleeding with

dabigatran. Am. J. Cardiol. 2014, 113, 1066–1074. [CrossRef]
11. Ansell, J. Warfarin versus new agents: Interpreting the data. Hematol. Am. Soc. Hematol. Educ. Progr. 2010, 2010, 221–228.

[CrossRef]
12. Bytzer, P.; Connolly, S.J.; Yang, S.; Ezekowitz, M.; Formella, S.; Reilly, P.A.; Aisenberg, J. Analysis of upper gastrointestinal adverse

events among patients given dabigatran in the RE-LY trial. Clin. Gastroenterol. Hepatol. Off. Clin. Pract. J. Am. Gastroenterol. Assoc.
2013, 11, 246–252. [CrossRef]

13. Nagano, Y.; Matsui, H.; Tamura, M.; Shimokawa, O.; Nakamura, Y.; Kaneko, T.; Hyodo, I. NSAIDs and acidic environment induce
gastric mucosal cellular mitochondrial dysfunction. Digestion 2012, 85, 131–135. [CrossRef]

14. Nagano, Y.; Matsui, H.; Shimokawa, O.; Hirayama, A.; Nakamura, Y.; Tamura, M.; Rai, K.; Kaneko, T.; Hyodo, I. Bisphosphonate-
induced gastrointestinal mucosal injury is mediated by mitochondrial superoxide production and lipid peroxidation. J. Clin.
Biochem. Nutr. 2012, 51, 196–203. [CrossRef] [PubMed]

15. Yasuda, G.; Ito, H.; Kurokawa, H.; Terasaki, M.; Suzuki, H.; Mizokami, Y.; Matsui, H. The preventive effect of Qing Dai on
bisphosphonate-induced gastric cellular injuries. J. Clin. Biochem. Nutr. 2019, 64, 45–51. [CrossRef] [PubMed]

16. Saito, R.; Tamura, M.; Matsui, H.; Nagano, Y.; Suzuki, H.; Kaneko, T.; Mizokami, Y.; Hyodo, I. Qing Dai attenuates nonsteroidal
anti-inflammatory drug-induced mitochondrial reactive oxygen species in gastrointestinal epithelial cells. J. Clin. Biochem. Nutr.
2015, 56, 8–14. [CrossRef] [PubMed]

17. Fleury, C.; Mignotte, B.; Vayssière, J.L. Mitochondrial reactive oxygen species in cell death signaling. Biochimie 2002, 84, 131–141.
[CrossRef]

18. Kim, Y.S.; Ahn, Y.; Hong, M.H.; Joo, S.Y.; Kim, K.H.; Sohn, I.S.; Park, H.W.; Hong, Y.J.; Kim, J.H.; Kim, W.; et al. Curcumin
attenuates inflammatory responses of TNF-alpha-stimulated human endothelial cells. J. Cardiovasc. Pharmacol. 2007, 50, 41–49.
[CrossRef]

19. Proksch, R.; Kocun, M.; Hurley, D.; Viani, M.; Labuda, A.; Meinhold, W.; Bemis, J. Practical loss tangent imaging with amplitude-
modulated atomic force microscopy. J. Appl. Phys. 2016, 119, 134901. [CrossRef]

20. Proksch, R.; Yablon, D.G. Loss tangent imaging: Theory and simulations of repulsive-mode tapping atomic force microscopy.
Appl. Phys. Lett. 2012, 100, 073106. [CrossRef]

21. Kumar, B.; Koul, S.; Khandrika, L.; Meacham, R.B.; Koul, H.K. Oxidative stress is inherent in prostate cancer cells and is required
for aggressive phenotype. Cancer Res. 2008, 68, 1777–1785. [CrossRef]

22. Van Ryn, J.; Stangier, J.; Haertter, S.; Liesenfeld, K.H.; Wienen, W.; Feuring, M.; Clemens, A. Dabigatran etexilate–a novel,
reversible, oral direct thrombin inhibitor: Interpretation of coagulation assays and reversal of anticoagulant activity. Thromb.
Haemost. 2010, 103, 1116–1127. [CrossRef]

23. Schiele, F.; van Ryn, J.; Canada, K.; Newsome, C.; Sepulveda, E.; Park, J.; Nar, H.; Litzenburger, T. A specific antidote for
dabigatran: Functional and structural characterization. Blood 2013, 121, 3554–3562. [CrossRef]

24. Yeh, C.H.; Gross, P.L.; Weitz, J.I. Evolving use of new oral anticoagulants for treatment of venous thromboembolism. Blood 2014,
124, 1020–1028. [CrossRef] [PubMed]

25. Graham, D.J.; Reichman, M.E.; Wernecke, M.; Zhang, R.; Southworth, M.R.; Levenson, M.; Sheu, T.C.; Mott, K.; Goulding, M.R.;
Houstoun, M.; et al. Cardiovascular, bleeding, and mortality risks in elderly Medicare patients treated with dabigatran or
warfarin for nonvalvular atrial fibrillation. Circulation 2015, 131, 157–164. [CrossRef]

26. Sarah, S. The pharmacology and therapeutic use of dabigatran etexilate. J. Clin. Pharmacol. 2013, 53, 1–13. [CrossRef] [PubMed]
27. Comuzzo, P.; Battistutta, F. Chapter 2—Acidification and pH Control in Red Wines. In Red Wine Technology; Morata, A., Ed.;

Academic Press: London, UK, 2019; pp. 17–34.
28. Laine, L.; Takeuchi, K.; Tarnawski, A. Gastric mucosal defense and cytoprotection: Bench to bedside. Gastroenterology 2008, 135,

41–60. [CrossRef]
29. Somasundaram, S.; Rafi, S.; Hayllar, J.; Sigthorsson, G.; Jacob, M.; Price, A.B.; Macpherson, A.; Mahmod, T.; Scott, D.;

Wrigglesworth, J.M.; et al. Mitochondrial damage: A possible mechanism of the “topical” phase of NSAID induced injury
to the rat intestine. Gut 1997, 41, 344–353. [CrossRef] [PubMed]

30. Nagano, Y.; Matsui, H.; Muramatsu, M.; Shimokawa, O.; Shibahara, T.; Yanaka, A.; Nakahara, A.; Matsuzaki, Y.; Tanaka, N.;
Nakamura, Y. Rebamipide significantly inhibits indomethacin-induced mitochondrial damage, lipid peroxidation, and apoptosis
in gastric epithelial RGM-1 cells. Dig. Dis. Sci. 2005, 50 (Suppl. 1), S76–S83. [CrossRef]

31. Jancic, S.A.; Stosic, B.Z. Chapter Fourteen—Cadmium Effects on the Thyroid Gland. In Vitamins & Hormones; Litwack, G., Ed.;
Academic Press: London, UK, 2014; Volume 94, pp. 391–425.

32. Fonseca, F.; Pénicaud, C.; Tymczyszyn, E.E.; Gómez-Zavaglia, A.; Passot, S. Factors influencing the membrane fluidity and the
impact on production of lactic acid bacteria starters. Appl. Microbiol. Biotechnol. 2019, 103, 6867–6883. [CrossRef]

33. Kaneko, T.; Matsui, H.; Shimokawa, O.; Nakahara, A.; Hyodo, I. Cellular membrane fluidity measurement by fluorescence
polarization in indomethacin-induced gastric cellular injury in vitro. J. Gastroenterol. 2007, 42, 939–946. [CrossRef] [PubMed]

34. Nicolson, G.L. The Fluid-Mosaic Model of Membrane Structure: Still relevant to understanding the structure, function and
dynamics of biological membranes after more than 40 years. Biochim. Biophys. Acta 2014, 1838, 1451–1466. [CrossRef]

http://doi.org/10.1136/bmj.g4681
http://www.ncbi.nlm.nih.gov/pubmed/25055830
http://doi.org/10.1016/j.amjcard.2013.11.049
http://doi.org/10.1182/asheducation-2010.1.221
http://doi.org/10.1016/j.cgh.2012.10.021
http://doi.org/10.1159/000334685
http://doi.org/10.3164/jcbn.12-41
http://www.ncbi.nlm.nih.gov/pubmed/23170047
http://doi.org/10.3164/jcbn.17-108
http://www.ncbi.nlm.nih.gov/pubmed/30705511
http://doi.org/10.3164/jcbn.14-59
http://www.ncbi.nlm.nih.gov/pubmed/25678747
http://doi.org/10.1016/S0300-9084(02)01369-X
http://doi.org/10.1097/FJC.0b013e31805559b9
http://doi.org/10.1063/1.4944879
http://doi.org/10.1063/1.3675836
http://doi.org/10.1158/0008-5472.CAN-07-5259
http://doi.org/10.1160/th09-11-0758
http://doi.org/10.1182/blood-2012-11-468207
http://doi.org/10.1182/blood-2014-03-563056
http://www.ncbi.nlm.nih.gov/pubmed/24923298
http://doi.org/10.1161/CIRCULATIONAHA.114.012061
http://doi.org/10.1177/0091270011432169
http://www.ncbi.nlm.nih.gov/pubmed/23400738
http://doi.org/10.1053/j.gastro.2008.05.030
http://doi.org/10.1136/gut.41.3.344
http://www.ncbi.nlm.nih.gov/pubmed/9378390
http://doi.org/10.1007/s10620-005-2810-7
http://doi.org/10.1007/s00253-019-10002-1
http://doi.org/10.1007/s00535-007-2116-y
http://www.ncbi.nlm.nih.gov/pubmed/18085350
http://doi.org/10.1016/j.bbamem.2013.10.019


Cells 2021, 10, 2508 13 of 13

35. Cartagena, A.; Raman, A. Local viscoelastic properties of live cells investigated using dynamic and quasi-static atomic force
microscopy methods. Biophys. J. 2014, 106, 1033–1043. [CrossRef] [PubMed]

36. Raman, A.; Trigueros, S.; Cartagena, A.; Stevenson, A.P.; Susilo, M.; Nauman, E.; Contera, S.A. Mapping nanomechanical
properties of live cells using multi-harmonic atomic force microscopy. Nat. Nanotechnol. 2011, 6, 809–814. [CrossRef] [PubMed]

37. Al-Rekabi, Z.; Contera, S. Multifrequency AFM reveals lipid membrane mechanical properties and the effect of cholesterol in
modulating viscoelasticity. Proc. Natl. Acad. Sci. USA 2018, 115, 2658–2663. [CrossRef]

38. Cartagena-Rivera, A.X.; Wang, W.H.; Geahlen, R.L.; Raman, A. Fast, multi-frequency, and quantitative nanomechanical mapping
of live cells using the atomic force microscope. Sci. Rep. 2015, 5, 11692. [CrossRef]

39. Schiele, N.R.; von Flotow, F.; Tochka, Z.L.; Hockaday, L.A.; Marturano, J.E.; Thibodeau, J.J.; Kuo, C.K. Actin cytoskeleton
contributes to the elastic modulus of embryonic tendon during early development. J. Orthop. Res. Off. Publ. Orthop. Res. Soc.
2015, 33, 874–881. [CrossRef]

40. Sevanian, A.; Muakkassah-Kelly, S.F.; Montestruque, S. The influence of phospholipase A2 and glutathione peroxidase on the
elimination of membrane lipid peroxides. Arch. Biochem. Biophys. 1983, 223, 441–452. [CrossRef]

41. Sivandzade, F.; Bhalerao, A.; Cucullo, L. Analysis of the Mitochondrial Membrane Potential Using the Cationic JC-1 Dye as a
Sensitive Fluorescent Probe. Bio-Protocol 2019, 9. [CrossRef]

42. Han, B.J.; Li, W.; Jiang, G.B.; Lai, S.H.; Zhang, C.; Zeng, C.C.; Liu, Y.J. Effects of daidzein in regards to cytotoxicity in vitro,
apoptosis, reactive oxygen species level, cell cycle arrest and the expression of caspase and Bcl-2 family proteins. Oncol. Rep.
2015, 34, 1115–1120. [CrossRef]

43. Liu, J.X.; Zhang, J.H.; Li, H.H.; Lai, F.J.; Chen, K.J.; Chen, H.; Luo, J.; Guo, H.C.; Wang, Z.H.; Lin, S.Z. Emodin induces Panc-1 cell
apoptosis via declining the mitochondrial membrane potential. Oncol. Rep. 2012, 28, 1991–1996. [CrossRef] [PubMed]

44. Zhao, G.; Cao, K.; Xu, C.; Sun, A.; Lu, W.; Zheng, Y.; Li, H.; Hong, G.; Wu, B.; Qiu, Q.; et al. Crosstalk between Mitochondrial
Fission and Oxidative Stress in Paraquat-Induced Apoptosis in Mouse Alveolar Type II Cells. Int. J. Biol. Sci. 2017, 13, 888–900.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.bpj.2013.12.037
http://www.ncbi.nlm.nih.gov/pubmed/24606928
http://doi.org/10.1038/nnano.2011.186
http://www.ncbi.nlm.nih.gov/pubmed/22081213
http://doi.org/10.1073/pnas.1719065115
http://doi.org/10.1038/srep11692
http://doi.org/10.1002/jor.22880
http://doi.org/10.1016/0003-9861(83)90608-2
http://doi.org/10.21769/BioProtoc.3128
http://doi.org/10.3892/or.2015.4133
http://doi.org/10.3892/or.2012.2042
http://www.ncbi.nlm.nih.gov/pubmed/22992976
http://doi.org/10.7150/ijbs.18468
http://www.ncbi.nlm.nih.gov/pubmed/28808421

	Introduction 
	Materials and Methods 
	Cell Culture 
	Cell Viability Assay 
	Intracellular mitROS Measurement 
	Evaluation of Lipid Peroxidation 
	Measurement of Cell Membrane Viscosity using Atomic Force Microscopy 
	Measurement of The Mitochondrial Membrane Potential using JC-1 
	Statistical Analysis 

	Results 
	Dabigatran Etexilate induces Cytotoxicity in Normal Gastric Cells 
	Dabigatran Increases mitROS Production 
	Dabigatran Etexilate induces Lipid Peroxidation 
	Dabigatran Etexilate Alters Cell Membrane Viscosity 
	Ascorbic Acid Suppresses the Cytotoxicity of Dabigatran Etexilate via the Inhibition of mitROS Production 

	Discussion 
	Conclusions 
	References

