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Background-—An enhanced renin-angiotensin system causes hypertensive renal damage. Factor Xa not only functions in the
coagulation cascade but also activates intracellular signaling through protease-activated receptors (PAR). We investigated the
effects of rivaroxaban, a factor Xa inhibitor, on hypertensive renal damage in hypertensive mice overexpressing renin (Ren-TG).

Methods and Results-—The 12- to 16-week-old Ren-TG and wild-type mice were orally administered with or without 6 or 12 mg/
kg of rivaroxaban for 1 or 4 months. Plasma factor Xa was significantly increased in the Ren-TG compared with the wild-type mice
and was reduced by 12 mg/kg of rivaroxaban (P<0.05). Urinary albumin excretion (UAE) was higher in the nontreated 8-month-old
Ren-TG than in the wild-type mice (69.6�29 versus 20.1�8.2 lg/day; P<0.01). Treatment with 12 mg/kg of rivaroxaban for
4 months decreased the UAE to 38.1�13.2 lg/day (P<0.01). Moreover, rivaroxaban treatment attenuated histologic changes of
glomerular hypertrophy, mesangial matrix expansion, effacement of the podocyte foot process, and thickened glomerular
basement membrane in the Ren-TG. The renal expression of PAR-2 was increased in the Ren-TG, but was inhibited with rivaroxaban
treatment. In vitro study using the human podocytes showed that the expressions of PAR-2 and inflammatory genes and nuclear
factor–-jB activation were induced by angiotensin II stimulation, but were inhibited by rivaroxaban. PAR-2 knockdown by small
interfering RNA also attenuated the PAR-2-related inflammatory gene expressions.

Conclusions-—These findings indicate that rivaroxaban exerts protective effects against angiotensin II–induced renal damage,
partly through inhibition of the PAR-2 signaling-mediated inflammatory response. ( J Am Heart Assoc. 2019;8:e012195. DOI: 10.
1161/JAHA.119.012195.)
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H ypertension is one of the most important risk factors for
chronic kidney diseases, leading to hypertensive

nephrosclerosis. Furthermore, increased activity of the
renin-angiotensin system is associated with target organ
damage in hypertensive patients. Recently, accumulating
evidences support a potential link between hypertension and

coagulation.1–3 For instance, increased plasma levels of
D-dimer, fibrinogen, and prothrombin fragment 1+2, all of
which represent activated coagulation pathways, are detected
in hypertensive patients. Furthermore, angiotensin II infusion
increases the plasma levels of plasminogen activator inhibitor
(PAI)-1 in humans.3–5 Thus, it seems that both an enhanced
renin-angiotensin system and a prothrombotic state may
synergistically contribute to the development of hypertensive
target organ damage.

The recently developed direct oral anticoagulants have
been widely used for the prevention of thromboembolic
diseases. Rivaroxaban, which is the first factor Xa (FXa)
inhibitor, inhibits free FXa and prothrombinase activity,
thereby effectively blocking thrombin generation in a concen-
tration-dependent manner.6–8 FXa not only functions in the
coagulation cascade but also activates the intracellular
signaling pathways through G-protein–coupled protease-
activated receptors (PARs). Four PARs have been identified
in mice and humans.9–11 FXa mainly acts through PAR-2 and
subsequently stimulates multiple intracellular signaling
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pathways, including the nuclear factor–jB and mitogen-
activated protein kinase pathways and induces inflammatory
and fibrotic responses.12–14

In this study, we tested the hypothesis that rivaroxaban
protects against renal damage in renin-angiotensin system–
activated hypertension partly through the PAR-2 signaling
pathway. For this purpose, we used hypertensive mice with a
genetically clamped renin transgene in the liver (Ren-TG
mice), which showed high blood pressure, cardiac hypertro-
phy, and renal damage.15–17

Methods
The data, analytic methods, and study materials will be
available to other researchers for purposes of reproducing
results or replicating procedures, as described in this article
or by contacting corresponding author on reasonable
request.

Animals
The Ren-TG mice, which were originally described as Ren-TG
MK mice, were kindly provided by Drs Oliver Smithies and
Nobuyo Maeda (University of North Carolina at Chapel Hill,
Chapel Hill, NC). Briefly, a modified mouse renin transgene
that was driven by a liver-specific albumin promoter/
enhancer was inserted into the genome as a single copy
at the liver-specific ApoA1/ApoC3 locus.15,16 The resulting
transgene expressed renin ectopically in the liver at
constantly high levels, which resulted in elevated plasma

levels of active renin and angiotensin II. The 12- to 16-week-
old male heterozygous (1 copy of the renin transgene) Ren-
TG mice were used in the present study, which were
backcrossed to C57BL6/N mice for >10 generations,
because of the availability of mouse strain. The wild-type
(WT) and Ren-TG mice were administered with or without
rivaroxaban at 6 and 12 mg/kg as a mixed chow diet for 1
or 4 months. The WT littermates were used as the control.
For euthanasia and tissue harvest, mice were fully anes-
thetized with isoflurane or CO2 and immediately euthanized
by cervical dislocation.

All procedures were performed in accordance with the
Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health and were approved by the
Institutional Animal Care and Use Committee of Hirosaki
University Graduate School of Medicine.

Blood Pressure Measurement
The mice were kept in a chamber warmed at 37°C for
�10 minutes; thereafter, the systolic blood pressure and
pulse rate were measured in the conscious mice by the tail-
cuff method (BP-98A; Softron, Tokyo, Japan). After discarding
the highest and lowest readings, at least 10 readings were
averaged each day for 3 consecutive days, as previously
described.17

Biochemical Measurements
Urinary albumin excretion was measured using the ALBUWELL
M TEST Kit (Exocell, Philadelphia, PA). Anti-FXa activity was
measured by the HemosIL Liquid Heparin (Instrumentation
Laboratory, Lexington, MA). The plasma rivaroxaban concen-
tration was measured by liquid chromatography–mass spec-
trometry. Prothrombin time was measured by the HemosIL
Heparin Kit (Instrumentation Laboratory, Bedford, MA). Coag-
ulation FXa was measured by the Mouse Coagulation FXa
ELISA kit (MyBioSouse, San Diego, CA). Blood urea nitrogen
and creatinine were measured using the SPOTCHEMTM II
(ARKRAY Factory, Shiga, Japan).

Histologic Examination of the Renal Cortex
The kidney samples were fixed with 10% formalin. Paraffin-
embedded tissues were cut into 5-lm sections, which were
stained with PAS, hematoxylin and eosin, and Masson’s
trichrome. The stained sections were examined using an all-in-
one fluorescence microscope (BZ-X710; Keyence, Osaka,
Japan). Glomerular hypertrophy was quantitatively assessed
by glomerular tuft surface area measured on at least 50
randomly chosen glomeruli, and mean values were obtained
as a representative of an individual.

Clinical Perspective

What Is New?

• Treatment of rivaroxaban, a direct factor Xa inhibitor,
decreases the urinary albumin excretion and attenuates
histologic changes of glomerular hypertrophy, mesangial
matrix expansion, effacement of the podocyte foot process,
and thickened glomerular basement membrane in hyper-
tensive mice overexpressing renin, partly through inhibition
of the inflammatory response mediated by protease-
activated receptor-2 signaling pathway.

What Are the Clinical Implications?

• A renal protective effect of rivaroxaban shown in the present
study provides an important clinical implication on the
underlying mechanism by which rivaroxaban is associated
with lower risks of decline in estimated glomerular filtration
rate, doubling of serum creatinine, and acute kidney injury in
patients with nonvalvular atrial fibrillation in clinical studies.
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Measurement of Glomerular Basement
Membrane Thickness and Number of Open Slit
Pores
The samples were fixed with 2% paraformaldehyde and 2%
glutaraldehyde in 0.1 mol/L phosphate buffer at pH 7.4. The
images were observed using a transmission electron micro-
scope (JEM-1400 Plus; JELOL, Tokyo, Japan). The glomerular
basement membrane (GBM) thickness was determined as the
distance between the outer limit of the endothelial cells and
the base of the cell membranes of the podocyte foot
processes; 20 glomeruli were measured at 10 positions of
each glomerulus. The number of slit pores was counted and
divided by the GBM length (per 100 lm) using ImageJ.

Cell Culture
Immortalized human podocytes, which were kindly provided by
Dr Moin A Saleem (University of Bristol, Bristol, UK), were
maintained in RPMI 1640 containing 10% fetal bovine serum; 1%
insulin-transferrin-selenium-A supplement (Invitrogen, Carlsbad,
CA); penicillin (10 U/mL); and streptomycin (100 lg/mL). The
cells were grown at 33°C in 95% air and 5% CO2, then were
converted to differentiated cells by incubating at 37°C for
10 days. The cells were kept in 1% fetal bovine serum for
24 hours, followedbypretreatmentwith rivaroxaban (500 lg/L)
for 1 hour, and then angiotensin II (1.0 lmol/L) was added and
the cells were incubated for the designated hours.

Small Interfering RNA
The cultured podocytes were transfected with small interfer-
ing RNA (siRNA) (5 nmol/L) without antibiotics for 24 hours
using Dharmafect transfection reagent (GE Healthcare, Little
Chalfont, UK), according to the manufacturer’s protocol. An
siRNA that was targeted to an irrelevant mRNA served as a
nonspecific control.

Quantitative Reverse Transcriptase–Polymerase
Chain Reaction
Total RNA was extracted from the kidney cortex of the mice and
from the human podocytes using RNeasy Protect Mini Kit
(QIAGEN, Valencia, CA). The extracted RNA was transcripted
into the first-strand cDNA using the Omniscript RT kit (QIAGEN),
according to the manufacturer’s protocol. Quantitative reverse
transcriptase–polymerase chain reaction was performed using
a CFX connect (Applied Biosystems, Foster City, CA) with
TaqMan Universal PCR Master Mix (Applied Biosystems). The
specific primers and probes (Applied Biosystems) were
acquired to detect PAR-2 (Assay ID: Mm00433160_m1 and
Hs00608346_m1); monocyte chemoattractant protein

(MCP)-1 (Assay ID: Mm00441342_m1 and Hs00234140_m1);
tumor necrosis factor (TNF)-a (Assay ID: Mm0043258_m1 and
Hs00174128_m1); PAI-1 (Assay ID: Mm00435860_m1); inter-
leukin-6 (Assay ID: 00985639_m1); synaptopodin (Assay ID:
Hs00702468); and glyceraldehyde-3-phosphatase dehydroge-
nase (GAPDH) (Assay ID: Mm99999915_g1 and Hs0275
8991_g1). The results were normalized by GAPDH.

Western Blot Analysis
After the euthanasia of the mice, the kidneys were immediately
excised, homogenized, and centrifuged in 3% sodium dodecyl
sulfate buffer and 7.5% b-mercaptoethanol; the supernatant
was collected for western blot analysis. Protein concentrations
were determined using Protein Quantification Assay
(MACHEREY-NAGEL GmbH & Co KG, Duren, Germany). The
proteins were separated by sodium dodecyl sulfide-polyacyla-
mide gel electrophoresis and were electrophoretically trans-
ferred to polyvinylidene fluoride membranes (Bio-Rad
Laboratories, Hercules, CA). After blocking with 5% milk for
1 hour, themembraneswere incubatedwith primary antibodies
for PAR-2 (sc-13504; Santa Cruz Biotechnology, Dallas, TX)
diluted to 1:3000 at 4°C overnight. Horseradish peroxidase and
alkaline phosphate–conjugated antimouse antibody (sc-2005;
Santa Cruz) diluted to 1:10 000 were used for PAR-2 as
secondary antibodies. The primary antibody for GAPDH (sc-
25778; Santa Cruz) was diluted to 1:3000 at 4°C overnight.
Horseradish peroxidase and alkaline phosphate–conjugated
antirabbit antibodies (sc-2004; Santa Cruz) diluted to 1:15 000
were used for GAPDH as secondary antibodies. The protein
bands were detected by Amersham ECL PrimeWestern Blotting
Detection Reagents (GE Healthcare). Densitometric analysis
was performed with ChemiDoc XRS+ with Image Lab Software
(Bio-Rad Laboratories, Woodinville, WA), and a relative value of
the target protein to GAPDH was calculated in each sample.

Immunofluorescence Study
Podocytes were grown and differentiated on glass-bottom
culture dishes (MatTec, Ashland, MA). The cells were
pretreated with rivaroxaban (500 lg/L) for 1 hour, followed
by treatment with or without angiotensin II (1.0 lmol/L) for
1 hour for the assessment of nuclear factor–jB and for
24 hours for assessment of F-actin staining. Then, the cells
were fixed with 4% paraformaldehyde for 30 minutes and
were permeabilized with 0.1% Triton X-100 in phosphate-
buffered saline for 10 minutes. To assess the activation of
nuclear factor–jB, the cells were blocked with 5% milk in
phosphate-buffered saline (blocking buffer) for 1 hour and
incubated overnight with rabbit antiphospho-p65 antibody
(Cell Signaling, Danvers, MA), diluted to 1:100 in a blocking
buffer, then incubated with Alexa-Fluor 488 goat antirabbit
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antibody for 2 hours. For F-actin staining after fixation, the
cells were incubated with Alexa Fluor 488-conjugated phal-
loidin (Molecular Probes, Carlsbad, CA) for 1 hour. Thereafter,
the samples were covered with an antifading mounting
medium with or without 40-6-diamidino-2-phenylindole (Vector
Laboratories, Burlingame, CA). The preparations were visual-
ized under a fluorescence microscope.

Statistical Analyses
All data were given as mean� SD. The distribution of all
measurements was tested for normality using the Shapiro–Wilk
test. Comparisons of parametric data were performed using
1-way ANOVA, followed by the Tukey’s honest significant
difference test. Comparisons of nonparametric data were
performed using the Kruskal–Wallis test, followed by the

Steel–Dwass multiple comparison test. A simple linear regres-
sion analysis was performed to examine the correlation between
anti–factor Xa activity and rivaroxaban concentration in the
blood. The significance and interactions of the effects of
genotype, treatment, and age were determined by 2-way or 3-
way ANOVA. Statistical analyses were performed with a
commercially available software program JMP 12.1.1 (SAS,
Cary, NC). A P<0.05 was considered to be statistically
significant.

Results

Effects of Rivaroxaban on Anticoagulant Activity
The 12- to 16-week-old Ren-TG and WT mice were admin-
istered with or without 6 or 12 mg/kg of rivaroxaban as a

A B

C D

Figure 1. Effects of rivaroxaban on coagulation activity. The 12- to 16-week-old Ren-TG and WT mice
were administered with or without 6 or 12 mg/kg of rivaroxaban for 1 month. A, Plasma factor Xa in the
WT and Ren-TG mice administered with or without 12 mg/kg of rivaroxaban. B and C, Anti–factor Xa
activity, and prothrombin time in WT and Ren-TG mice administered with or without rivaroxaban at 6 and
12 mg/kg. Data are presented as means�SD. Statistical analysis was performed by 1-way ANOVA,
followed by the Tukey’s honest significant difference test. D, Relationship between anti–factor Xa activity
and rivaroxaban concentration in the blood (white circle; WT with rivaroxaban at 6 mg/kg, n=5, white
square; WT with rivaroxaban at 12 mg/kg, n=5, solid circle; Ren-TG with rivaroxaban at 6 mg/kg, n=3, solid
square; Ren�TG with rivaroxaban at 12 mg/kg, n=5). *P<0.05, **P<0.01. Sample sizes are given on each
bar. Ren-TG indicates renin transgenic; WT, wild-type.
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mixed chow diet for 1 month. The FXa in plasma was
significantly higher in the Ren-TG mice than in the WT mice
treated without rivaroxaban for 1 month (23.4�2.6 versus
11.9�2.6 ng/mL, P<0.01, each n=3) and was significantly
reduced in the Ren-TG mice treated with 12 mg/kg of
rivaroxaban for 1 month (12.7�3.9 ng/mL, P<0.05 versus
Ren-TG without rivaroxaban for 1 month, n=3) (Figure 1A).
The plasma anti-FXa activity was significantly increased in
both WT and Ren-TG mice in a dose-dependent manner with
rivaroxaban at 6 or 12 mg/kg for 1 month compared with
no rivaroxaban for 1 month (n=5–6) (Figure 1B). Consistent
with this, prothrombin time was significantly prolonged in
both WT and Ren-TG mice in a dose-dependent manner
(n=3–5) (Figure 1C). Anti-FXa activity and rivaroxaban
concentration in the blood were strongly positively corre-
lated, and the Pearson correlation coefficient was 0.967
(Figure 1D).

Characteristics of Mice at 8 Months of Age
The 12- to 16-week-old WT and Ren-TG mice were adminis-
tered with or without 12 mg/kg of rivaroxaban for 4 months.
Systolic blood pressure was significantly higher in the Ren-TG
mice than in the WT mice treated without rivaroxaban for
4 months (150.5�6.6 versus 112.3�6.5 mm Hg, P<0.01,
each n=7), and treatment with 12 mg/kg of rivaroxaban for
4 months decreased to 126.2�11.0 mm Hg in the Ren-TG
mice (P<0.01 versus Ren-TG without rivaroxaban for
4 months, n=7), as shown in Table (genotype effect,
P<0.01; drug effect, P<0.01; interaction, P<0.05). Although
pulse rate had a significant genotype effect (P<0.05), there
was no drug effect. There were no significant differences in

body weight, blood urea nitrogen, creatinine, and kidney
weight/body weight among the 4 groups.

Effects of Rivaroxaban Treatment on Urinary
Albumin Excretion
The 12- to 16-week-old WT and Ren-TGmice were administered
with or without 12 mg/kg of rivaroxaban as a mixed chow diet
for 1 or 4 months. As shown in Figure 2A and 2B, urinary
albumin excretion was significantly increased in the Ren-TG
mice than in the WT mice treated without rivaroxaban for
1 month (39.7�13.3 versus 15.1�4.0 lg/day, P<0.01, each
n=5) and for 4 months (69.6�29.0 versus 20.1�8.2 lg/day,
P<0.01, each n=7). Although rivaroxaban treatment for
1 month did not reduce urinary albumin excretion (n=5)
(Figure 2A), 4-month treatment with rivaroxaban significantly
reduced it to 38.1�13.2 lg/day (P<0.01 versus Ren-TG
without rivaroxaban for 4 months, n=7) (Figure 2B). As shown
in Figure 2C, urinary albumin excretion was significantly
affected by genotype (P<0.01), age (P<0.01), and drug
(P<0.05).

Histologic Assessment
Glomerular hypertrophy was evaluated in the WT and Ren-TG
mice with or without rivaroxaban at 6 or 12 mg/kg (Figure 3).
The Ren-TG mice showed glomerular hypertrophy compared
with the WT mice at 8 months of age (Figure 3A and 3D).
Rivaroxaban treatment at 6 mg/kg (Figure 3E) and 12 mg/kg
(Figure 3F) for 4 months attenuated glomerular hypertrophy in
the Ren-TG mice. The quantitative assessment was summa-
rized in Figure 3G. Rivaroxaban significantly ameliorated

Table. Characteristics of Mice at 8 Months of Age

Genotype WT Ren-TG Effects (P Value)

Riv 12, mg/kg � + � + Genotype Drug Interaction

Number of mice 7 7 7 7

SBP, mmHg 112.3�6.5 109.3�5.2 150.5�6.6* 126.2�11.0† <0.01 <0.01 <0.05

PR, bpm 644.5�35.3 639.5�22.9 679.8�33.1 654.6�28.8 <0.05 ns ns

BW, g 40.1�3.5 41.2�2.7 43.2�3.9 40.9�2.7 ns ns ns

BUN, mg/dL 19.3�4.4 20.3�2.9 21.1�4.8 21.9�2.1 ns ns ns

Cre, mg/dL 0.61�0.04 0.69�0.10 0.63�0.05 0.67�0.08 ns ns ns

Lt Kid/BW, mg/g 4.21�0.29 4.47�0.40 4.39�0.51 4.45�0.52 ns ns ns

Rt Kid/BW, mg/g 4.74�0.28 4.57�0.43 4.45�0.63 4.38�0.52 ns ns ns

The 12- to 16-week-old WT and Ren-TG mice were administered with vehicle or 12 mg/kg of rivaroxaban as a mixed chow for 4 months. Data are presented as means�SD. Statistical
analysis was performed by 1-way ANOVA, followed by the Tukey’s honest significant difference test. Effects of genotype, drug, and their interaction on each variable were evaluated by 2-
way ANOVA. BUN indicates blood urea nitrogen; BW, body weight; Cre, creatinine; Kid, kidney weight; ns, not significant; PR, pulse rate; Ren-TG, renin transgenic mice; SBP, systolic blood
pressure; WT, wild-type mice.
*P<0.01 vs WT without rivaroxaban.
†P<0.01 vs Ren-TG without rivaroxaban.
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glomerular hypertrophy in a dose-dependent manner in the
Ren-TG mice.

Furthermore, the Ren-TG mice exhibited mesangial
matrix expansion compared with the WT mice (Figure 4).
Rivaroxaban at 6 and 12 mg/kg for 4 months attenuated
mesangial matrix expansion in the Ren-TG mice (Figure 4E
and 4F).

Effects of Rivaroxaban on GBM Thickness and
Foot Process Effacement of Podocytes
The GBM thickness was greater and more irregular in the Ren-
TG mice than in the WT mice at 8 months of age (Figure 5A
and 5B). These changes were ameliorated by 12 mg/kg of
rivaroxaban treatment for 4 months (Figure 5C). Effacement
of the podocyte foot process was evaluated based on the
number of open slit pores. It was more pronounced in the
Ren-TG mice than in the WT mice (Figure 5D and 5E).

Likewise, these changes were ameliorated by 12 mg/kg of
rivaroxaban (Figure 5F). Quantitative assessments of GBM
thickness and effacement of the podocyte foot process are
summarized in Figure 5G and 5H.

Effects of Rivaroxaban on Renal PAR-2 Expression
The gene expression of PAR-2 was significantly higher in the
Ren-TG mice than in the WT mice (1.67�0.34-fold, P<0.05,
n=4–6) (Figure 6A) and was significantly reduced (1.00�
0.64-fold, P<0.01, n=6) by rivaroxaban treatment. Similarly,
the protein expression of PAR-2 was significantly higher in the
Ren-TG mice than in the WT mice (4.81�1.59-fold, P<0.01,
each n=4) and was significantly reduced (2.23�1.34-fold,
P<0.05, n=4) in the Ren-TG mice by rivaroxaban treatment
(Figure 6B and 6C). There were no significant differences in
the expressions of PAR-1, PAR-3, and PAR-4 between the Ren-
TG mice and the WT mice (data not shown).

A

C

B

Figure 2. Effects of rivaroxaban on UAE. A and B, UAE in the WT and Ren�TG mice treated with or
without 12 mg/kg of rivaroxaban for 1 month (A) and for 4 months (B). Data are presented as means�SD.
Statistical analysis was performed by 1-way ANOVA, followed by the Tukey’s honest significant difference
test. **P<0.01. Sample sizes are given on each bar. C, Effects of genotype, age, and drug on UAE were
evaluated by 3-way ANOVA. Their interactions were evaluated by both 2-way and 3-way ANOVA. Age was
used as a categorical (5 months old for 1-month rivaroxaban treatment and 8 months old for 4-month
rivaroxaban treatment). ns indicates not significant; Ren-TG, renin transgenic; UAE, urinary albumin
excretion; WT, wild-type.
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Effects of Rivaroxaban on Renal Proinflammatory
Genes
The gene expression of TNF-a was significantly higher in the
Ren-TG mice than in the WT mice (1.45�0.18-fold, P<0.05,
n=5–6), and rivaroxaban significantly reduced the increase
(0.62�0.34-fold, P<0.01, n=5) (Figure 6D). Similarly, the gene
expressions of PAI-1 and MCP-1 were significantly higher in the

Ren-TG mice than in the WT mice (1.52�0.31-fold, P<0.05,
n=5–6, and 1.96�0.36-fold, P<0.01, n=5–6, respectively)
(Figure 6E and 6F), and these increases were significantly
reduced by rivaroxaban treatment (0.59�0.15-fold, P<0.01,
n=6; and 1.31�0.37-fold, P<0.05, n=6, respectively).

Effects of Rivaroxaban on Angiotensin II–Induced
Actin Reorganization in Human Podocytes
The effacement of foot processes is caused by the disruption
of actin filaments in the podocytes.18 F-actin staining by
phalloidin revealed that untreated human podocytes showed
normal central stress fibers (Figure 7A). The central stress
fibers were disrupted by angiotensin II (1.0 lmol/L) stimu-
lation for 24 hours, and F-actin was increased on the cell
periphery, demonstrating actin reorganization (Figure 7B). It
was partially prevented by 500 lg/L of rivaroxaban treatment
(Figure 7C). Likewise, the gene expression of synaptopodin,
which contributes to the stabilization of the glomerular
filter,19 was significantly decreased by angiotensin II
(1.0 lmol/L) stimulation for 24 hours (0.75�0.12-fold,
P<0.05 versus control, n=4–6), whereas rivaroxaban signifi-
cantly ameliorated this decrease (1.21�0.12-fold, P<0.01,
n=5) (Figure 7D).

A D

B E

C F

G

Figure 3. Effects of rivaroxaban on glomerular hypertrophy. A
through F, Representative images (9200) of the kidneys stained
with PAS in WT and Ren-TG mice with or without rivaroxaban at 6
and 12 mg/kg for 4 months. G, Comparison of glomerular tuft
surface area among the groups. Data are presented as
means�SD. Statistical analysis was performed by 1-way ANOVA,
followed by the Tukey’s honest significant difference test.
*P<0.05, **P<0.01. Sample sizes are given on each bar. PAS
indicates periodic acid-Schiff; Ren-TG, renin transgenic; WT, wild-
type.

A D

B E

C F

Figure 4. Histologic examination with Masson trichrome stain-
ing. A through F, Representative images (9400) of the kidneys
stained with Masson trichrome in WT and Ren-TG mice with or
without rivaroxaban at 6 and 12 mg/kg for 4 months. Ren-TG
indicates renin transgenic; WT, wild-type.
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Effects of Rivaroxaban on Angiotensin II–Induced
Proinflammatory Gene Expressions
Treatment with angiotensin II (1.0 lmol/L) for 6 hours
significantly increased the gene expressions of MCP-1,
TNF-a, and interleukin-6 in human podocytes by 1.49�0.21-
fold, 1.29�0.07-fold, and 1.29�0.11-fold, respectively
(P<0.01, <0.05, and <0.01, each n=6) (Figure 8A through
8C). Rivaroxaban significantly ameliorated these increases
(0.78�0.24-fold, n=6; 0.93�0.23-fold, n=5; and 1.01�0.16-
fold, n=6, respectively).

In the clinical setting, the maximum concentration values
for oral administration of 20 mg of rivaroxaban in humans is
approximately in the range of 225.4 to 360.6 lg/L.20 By
using rivaroxaban at concentrations of 100, 500, and
1000 lg/L, MCP-1 gene expression levels were reduced in
a dose-dependent manner (data not shown).

Effect of Rivaroxaban on Nuclear Factor–KB
Activation
In the control human podocytes, p65 is present in the
cytoplasm as shown in red fluorescence (Figure 8D). The
translocation of p65 into the nucleus was induced by
angiotensin II (1.0 lmol/L) stimulation for 1 hour (Figure 8E)
and was partially blocked by 500 lg/L of rivaroxaban
treatment (Figure 8F).

Relationship Between the PAR-2 Pathway and the
Inflammatory Responses in Human Podocytes
We evaluated the gene expression of PAR-2 by quantitative
reverse transcriptase–polymerase chain reaction in human
podocytes. Angiotensin II (1.0 lmol/L) for 6 hours signifi-
cantly increased its gene expression (1.19�0.10-fold, P<0.05

A D
G

H

B E

C F

Figure 5. Effects of rivaroxaban on GBM and podocyte foot process effacement. A through F,
Representative images of GBM thickness and the podocyte foot process effacement by electron
microscopy (919 000) in the WT (A and D), Ren-TG (B and E), and Ren-TG treated with 12 mg/kg of
rivaroxaban for 4 months (C and F). G and H, Quantification of GBM thickness (the ratio to the WT mice) (G)
and open slit pore number per 100 lm (H). Data are presented as means�SD. Statistical analysis was
performed by 1-way ANOVA, followed by the Tukey’s honest significant difference test. **P<0.01. Sample
sizes are given on each bar. GBM indicates glomerular basement membrane; Ren-TG, renin transgenic; WT,
wild-type.
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versus control, n=5–6), whereas rivaroxaban significantly
attenuated this increase (0.97�0.12-fold, P<0.01, n=6)
(Figure 9A).

To investigate the role of PAR-2, PAR-2 was temporary
knocked down with siRNA. The gene expression of PAR-2 was
effectively suppressed by siRNA in human podocytes (P<0.01,
n=5) (Figure 9B). Treatment with PAR-2 siRNA ameliorated
the gene expressions of MCP-1 (Figure 9C) and TNF-a
(Figure 9D). The gene expression of synaptopodin was

significantly decreased by angiotensin II, and was recovered
by the PAR-2 siRNA (Figure 9E).

Discussion
In the present study, we assessed the protective effects of
rivaroxaban against hypertensive renal damage using a Ren-
TG hypertensive mouse model with increased albuminuria,
glomerular hypertrophy, mesangial matrix expansion,

A B

C

D

F

E

Figure 6. Effects of rivaroxaban on renal expressions of PAR-2 and proinflammatory genes. A,
Comparison of the renal gene expression of PAR-2 among the WT and Ren-TG mice with or without
12 mg/kg of rivaroxaban for 1 month. B and C, Representative bands of PAR-2 by western blotting
(molecular weight markers are shown) and relative levels of renal protein expression of PAR-2. D through F,
Comparisons of the renal gene expression of TNF-a (D), PAI-1 (E), and MCP-1 (F). Data are presented as
means�SD. Statistical analysis was performed by 1-way ANOVA, followed by the Tukey’s honest significant
difference test. *P<0.05, **P<0.01. All data are normalized to GAPDH and are described as a ratio to the
WT mice. Sample sizes are given on each bar. GAPDH, glyceraldehyde-3-phosphatase dehydrogenase; MCP-1,
monocyte chemoattractant protein-1; PAI-1, plasminogen activator inhibitor-1; PAR-2, protease-activated
receptor-2; Ren-TG, renin transgenic; TNF-a, tumor necrosis factor-a; WT, wild-type.
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effacement of the podocyte foot process, and thickened
GBM. Rivaroxaban treatment significantly reduced albumin-
uria and attenuated these histologic changes, partly through
inhibition of the PAR-2 signaling-mediated inflammatory
response. Although this is a mild model of the hypertensive
renal damage, our results could be applicable to the
millions of potential chronic kidney disease patients with
hypertension and albuminuria without apparent renal
dysfunction.

The role of coagulation factors has been suggested as an
important factor of glomerular damage leading to glomeru-
losclerosis. Fibrin formation within the glomeruli and

tubulointerstitium is commonly observed in renal damage,
and various anticoagulant agents have been suggested to
decrease proteinuria, including the FXa inhibitor danaparoid,
which reduces proteinuria in high IgA mice. Nevertheless,
there is a risk of bleeding, and these agents have not been
accepted in clinical use for the treatment of chronic kidney
disease.21 A recent report further showed that PAR-2
expression was elevated in the kidney of diabetic Akita mice
lacking endothelial nitric oxide synthase, and that another FXa
inhibitor, edoxaban, suppressed the accumulation of mesan-
gial matrix and podocyte foot process effacement and tended
to reduce albuminuria.22 All these studies strongly indicate

A

B

C

D

Figure 7. Effects of rivaroxaban on podocyte damage induced by angiotensin II stained by phalloidin. A,
Arrow indicates normal actin filament structure in the control. B, Treatment with angiotensin II (1.0 lmol/L)
for 24 hours resulted in reorganization of the actin cytoskeleton with disruption of central stress fibers (stars)
and its accumulation on the cell periphery (arrowhead). C, Rivaroxaban (500 lg/L) partially ameliorated actin
reorganization induced by angiotensin II. D, Comparison of the gene expression of synaptopodin in human
podocytes. Data are normalized to GAPDH and are described as a ratio to the control. Data are presented as
means�SD. Statistical analysis was performed by 1-way ANOVA, followed by the Tukey’s honest significant
difference test. *P<0.05, **P<0.01. Sample sizes are given on each bar. GAPDH indicates glyceraldehyde-3-
phosphatase dehydrogenase.
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that FXa-associated PAR-2 signaling plays a significant role in
renal inflammation and suggest a beneficial effect of FXa
inhibitors.

Although thickening of the GBM is a well-known feature of
diabetic nephropathy, it is also associated with hypertensive
nephropathy and increased renin-angiotensin system

A B

C

D E F

Figure 8. Effects of rivaroxaban on proinflammatory response induced by angiotensin II in human podocytes. Cells were stimulated with
angiotensin II (1.0 lmol/L) for 6 hours with the presence or absence of rivaroxaban (500 lg/L). A through C, Comparisons of the gene
expressions of MCP-1 (A), TNF-a (B), and interleukin-6 (C). Data are presented as means�SD. Statistical analysis was performed by 1-way
ANOVA, followed by the Tukey’s honest significant difference test. *P<0.05, **P<0.01. D through F, Representative images of the human
podocytes stained with p65 nuclear factor–jB in the control (D), stimulation with angiotensin II (1.0 lmol/L) for 1 hour (E), and
rivaroxaban+angiotensin II (F). Sample sizes are given on each bar. MCP-1, monocyte chemoattractant protein-I; TNF-a, tumor necrosis factor-a.
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activity.23,24 Furthermore, glomerular hypertrophy is recog-
nized as an integral feature of hypertensive nephropathy23

and precede renal dysfunction.25 Accordingly, the Ren-TG
mice in this study showed thickened GBM and glomerular
hypertrophy, both of which were significantly inhibited by

rivaroxaban treatment. Our study on human podocytes further
showed that actin reorganization induced by angiotensin II
stimulation was prevented by rivaroxaban. Consistently,
decreased gene expression of synaptopodin by angiotensin
II was improved by rivaroxaban. Although the detailed

A B

C D

E

Figure 9. Role of PAR-2 signaling on proinflammatory genes in human podocytes. A, Effect of rivaroxaban
(500 lg/L) on the gene expression of PAR-2 in human podocytes in the presence or absence of angiotensin
II (1.0 lmol/L). B, Validation of knockout of PAR-2 by small interfering RNA (si PAR-2) in human podocytes.
C through E, Human podocytes were treated with control small interfering RNA (si cont) or small interfering
PAR-2 in the presence or absence of angiotensin II (1.0 lmol/L), and the gene expressions of MCP-1 (C),
TNF- a (D), and synaptopodin (E) were quantified. Data are presented as means�SD. Statistical analysis
was performed by 1-way ANOVA, followed by the Tukey’s honest significant difference test. *P<0.05,
**P<0.01. Sample sizes are given on each bar. MCP-1 indicates monocyte chemoattractant protein-I;
PAR-2, protease-activated receptor-2; TNF-a, tumor necrosis factor-a.
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mechanism remains largely uncertain, the protective effect of
rivaroxaban treatment on GBM thickening, as well as
podocyte injury, may contribute to the reduced albuminuria.

PAI-1 is considered as an acute-phase reactant, which is
being closely influenced by inflammatory cytokines, such as
interleukin-6 and TNF-a.26,27 PAI-1 is highly expressed in
several kidney diseases, both acute and chronic stages.28

Moreover, numerous animal studies have established a
significant link between the PAI-1 levels and glomeruloscle-
rosis.29 In the present study, rivaroxaban treatment in the
Ren-TG mice attenuated mesangial matrix expansion and
concomitantly decreased the expressions of PAI-1, TNF-a, and
MCP-1. These findings suggest anti-inflammatory effects of
rivaroxaban on hypertensive renal damage.

The point to be noted is that rivaroxaban suppressed blood
pressure in the Ren-TG hypertensive mice. The relationship
between albuminuria and high blood pressure was confirmed
in the previous studies.28–30 We previously showed that
hydralazine, a direct vasodilator, administered to this mouse
model did not improve albuminuria even though blood
pressure was lowered, suggesting that albuminuria observed
in the Ren-TG mice is not improved only by lowering blood
pressure.31 These findings indicate that rivaroxaban exerts a
protective effect, at least in part through blood pressure–
independent effect. In the previous report, edoxaban did not
lower blood pressure in the diabetic mouse model. Also, there
is no evidence of blood pressure–lowering effect of FXa
inhibitors in humans. Further experimental studies are needed
to elucidate the underlying mechanism for the blood
pressure–lowering effect of rivaroxaban.

Podocytes are the final barrier in the glomerular filtration,
and therefore podocyte injury has a significant role in
proteinuric conditions. To elucidate further mechanisms of
reduced albuminuria by rivaroxaban treatment, we performed
an in vitro study on human podocytes. We showed that PAR-2
expression and nuclear factor–jB activation were increased
by angiotensin II, and were inhibited by rivaroxaban treatment.
In addition, angiotensin II stimulation increased the expres-
sion of MCP-1 and TNF-a, whereas temporary knockdown of
PAR-2 by siRNA reversed these changes. These results
indicate involvement of PAR-2 signaling in the renal inflam-
matory process and podocyte damage. However, we focused
only on the podocyte injury in this study, and therefore
experiments using tubular cells and other intrinsic renal cells
are clearly required.

FXa inhibitors have been widely used for the prevention
of stroke and systemic embolism in patients with nonvalvu-
lar atrial fibrillation (NVAF).30,32,33 In the ROCKET AF (An
Efficacy and Safety Study of Rivaroxaban With Warfarin for
the Prevention of Stroke and Non–Central Nervous System
Systemic Embolism in Patients With Non-valvular Atrial
Fibrillation) study, rivaroxaban at 20 or 15 mg per day was

shown to be noninferior to warfarin in preventing stroke or
systemic embolism in patients with NVAF.30 Notably, 90% of
the patients in that study had hypertension as a coexisting
condition. Although renal dysfunction in patients with NVAF
has been shown to increase the risk of stroke and
bleeding,34,35 a subanalysis of the ROCKET AF study showed
that the rate of decline in mean estimated glomerular
filtration rate (eGFR) during the follow-up period was
significantly slower in patients treated with rivaroxaban than
in those treated with warfarin (3.5 versus 4.3 mL/min).36

Furthermore, a recent real-world data analysis that used a
large US database confirmed that compared with warfarin,
rivaroxaban and dabigatran, which is a direct thrombin
inhibitor, were associated with lower risks of estimated
glomerular filtration rate decline, doubling of serum crea-
tinine, and acute kidney injury.37 Moreover, in animal
studies, warfarin has been shown to induce renal damage
due to glomerular hemorrhage and vascular calcification.38,39

Taken altogether, the results of the present study might
provide an important clinical implication on the underlying
mechanism by which rivaroxaban exerts its beneficial effects
against renal damage in hypertensive patients with NVAF.
Further experimental and clinical studies on this matter are
certainly warranted.

In conclusion, rivaroxaban inhibited progressive renal
damage in the Ren-TG hypertensive mice. Furthermore,
rivaroxaban exerted protective effects against angiotensin
II–induced podocyte injury not only through the coagulation
cascade but also partly through inhibition of the PAR-2
signaling-mediated inflammatory response. All these findings
may provide a theoretical basis on the renal protective
effect of rivaroxaban treatment in hypertensive patients with
NVAF.

Acknowledgments
We thank Nahomi Miyamoto, Ritsuko Kasai, and Chuya Murakami for
their excellent technical support.

Sources of Funding
This study was partially supported by Bayer Yakuhin, Ltd,
Japan.

Disclosures
Dr Tomita received research funding from Boehringer Ingel-
heim, Bayer, Daiichi-Sankyo, and Pfizer, and Speakers’
Bureau/Honorarium from Boehringer Ingelheim, Bayer, and
Daiichi-Sankyo. Dr Okumura received Speakers’ Bureau/
Honorarium from Daiichi-Sankyo, Boehringer Ingelheim, and
Bayer. The remaining authors have no disclosures to report.

DOI: 10.1161/JAHA.119.012195 Journal of the American Heart Association 13

Impact of Rivaroxaban on Hypertensive Renal Damage Ichikawa et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



References
1. Felmeden DC, Lip GY. The renin-angiotensin-aldosterone system and fibrinol-

ysis. J Renin Angiotensin Aldosterone Syst. 2000;1:240–244.

2. Brown NJ, Vaughan DE. Prothrombotic effects of angiotensin. Adv Intern Med.
2000;45:419–429.

3. Sechi LA, Novello M, Colussi G, Di Fabio A, Chiuch A, Nadalini E, Casanova-
Borca A, Uzzau A, Catena C. Relationship of plasma renin with a prothrombotic
state in hypertension: relevance for organ damage. Am J Hypertens.
2008;21:1347–1353.

4. Sechi LA, Zingaro L, Catena C, Casaccio D, De Marchi S. Relationship of
fibrinogen levels and hemostatic abnormalities with organ damage in
hypertension. Hypertension. 2000;36:978–985.

5. Ridker PM, Gaboury CL, Conlin PR, Seely EW, Williams GH, Vaughan DE.
Stimulation of plasminogen activator inhibitor in vivo by infusion of angiotensin
II. Evidence of a potential interaction between the renin-angiotensin system
and fibrinolytic function. Circulation. 1993;87:1969–1973.

6. Perzborn E, Roehrig S, Straub A, Kubitza D, Mueck W, Laux V. Rivaroxaban: a
new oral factor Xa inhibitor. Arterioscler Thromb Vasc Biol. 2010;30:376–381.

7. Furie B, Furie BC. Mechanisms of thrombus formation. N Engl J Med.
2008;359:938–949.

8. Perzborn E, Strassburger J, Wilmen A, Pohlmann J, Roehrig S, Schlemmer KH,
Straub A. In vitro and in vivo studies of the novel antithrombotic agent BAY 59-
7939—an oral, direct factor Xa inhibitor. J Thromb Haemost. 2005;3:514–521.

9. Coughlin SR. Thrombin signalling and protease-activated receptors. Nature.
2000;407:258–264.

10. Ossovskaya VS, Bunnett NW. Protease-activated receptors: contribution to
physiology and disease. Physiol Rev. 2004;84:579–621.

11. Leger AJ, Covic L, Kuliopulos A. Protease-activated receptors in cardiovascular
diseases. Circulation. 2006;114:1070–1077.

12. Steinberg SF. The cardiovascular actions of protease-activated receptors. Mol
Pharmacol. 2005;67:2–11.

13. Lindner JR, Kahn ML, Coughlin SR, Sambrano GR, Schauble E, Bernstein D, Foy
D, Hafezi-Moghadam A, Ley K. Delayed onset of inflammation in protease-
activated receptor-2-deficient mice. J Immunol. 2000;165:6504–6510.

14. Vergnolle N, Bunnett NW, Sharkey KA, Brussee V, Compton SJ, Grady EF,
Cirino G, Gerard N, Basbaum AI, Andrade-Gordon P, Hollenberg MD, Wallace
JL. Proteinase-activated receptor-2 and hyperalgesia: a novel pain pathway.
Nat Med. 2001;7:821–826.

15. Caron KM, James LR, Kim HS, Morham SG, Sequeira Lopez ML, Gomez RA,
Reudelhuber TL, Smithies O. A genetically clamped renin transgene for the
induction of hypertension. Proc Natl Acad Sci U S A. 2002;99:8248–8252.

16. Caron KM, James LR, Kim HS, Knowles J, Uhlir R, Mao L, Hagaman JR, Cascio
W, Rockman H, Smithies O. Cardiac hypertrophy and sudden death in mice
with a genetically clamped renin transgene. Proc Natl Acad Sci U S A.
2004;101:3106–3111.

17. Tanno T, Tomita H, Narita I, Kinjo T, Nishizaki K, Ichikawa H, Kimura Y, Tanaka
M, Osanai T, Okumura K. Olmesartan inhibits cardiac hypertrophy in mice
overexpressing renin independently of blood pressure: its beneficial effects on
ACE2/Ang (1-7)/Mas axis and NADPH oxidase expression. J Cardiovasc
Pharmacol. 2016;67:503–509.

18. Asanuma K, Yanagida-Asanuma E, Takagi M, Kodama F, Tomino Y. The role of
podocytes in proteinuria. Nephrology. 2007;12:S15–S20.

19. Yanagida-Asanuma E, Asanuma K, Kim K, Donnelly M, Young Choi H, Hyung
Chang J, Suetsugu S, Tomino Y, Takenawa T, Faul C, Mundel P. Synaptopodin
protects against proteinuria by disrupting Cdc 42: IRSp53: mena signaling
complexes in kidney podocytes. Am J Pathol. 2007;171:415–427.

20. Mueck W, Stampfuss J, Kubitza D, Becka M. Clinical pharmacokinetic
and pharmacodynamic profile of rivaroxaban. Clin Pharmacokinet. 2014;53:
1–16.

21. Shimosawa M, Sakamoto K, Tomari Y, Kamikado K, Otsuka H, Liu N, Kitamura
H, Uemura K, Nogaki F, Mori N, Muso E, Yoshida H, Ono T. Lipopolysaccharide-
triggered acute aggravation of mesangioproliferative glomerulonephritis
through activation of coagulation in a high IgA strain of ddY mice. Nephron
Exp Nephrol. 2009;112:e81–e91.

22. Oe Y, Hayashi S, Fushima T, Sato E, Kisu K, Sato H, Ito S, Takahashi N.
Coagulation factor Xa and protease-activated receptor 2 as novel therapeutic
targets for diabetic nephropathy. Arterioscler Thromb Vasc Biol.
2016;36:1525–1533.

23. Mac-Moune Lai F, Szeto CC, Choi PC, Ho KK, Tang NL, Chow KM, Li PK, To KF.
Isolate diffuse thickening of glomerular capillary basement membrane: a renal
lesion in prediabetes? Mod Pathol. 2004;17:1506–1512.

24. Cooper ME, Allen TJ, Macmillan PA, Clarke BE, Jerums G, Doyle AE. Enalapril
retards glomerular basement membrane thickening and albuminuria in the
diabetic rat. Diabetologia. 1989;32:326–328.

25. Li L, Zhao Z, Xia J, Xin L, Yang S, Li K. A long-term high-fat/high-sucrose diet
promotes kidney lipid deposition and causes apoptosis and glomerular
hypertrophy in Bama minipigs. PLoS One. 2015;10:e0142884.

26. Loskutoff DJ, Samad F. The adipocyte and hemostatic balance in obesity
studies of PAI-1. Arterioscler Thromb Vasc Biol. 1998;18:1–6.

27. Healy AM, Gelehrter TD. Induction of plasminogen activator inhibitor-1 in
HepG2 human hepatoma cells by mediators of acute phase response. J Biol
Chem. 1994;269:19095–19100.

28. Jankun J. Plasminogen activator inhibitor-1 in kidney pathology. Int J Mol Med.
2013;31:503–510.

29. Flevaris P, Vaughan D. The role of plasminogen activator inhibitor type-1 in
fibrosis. Semin Thromb Hemost. 2017;43:169–177.

30. Patel MR, Mahaffey KW, Garg J, Pan G, Singer DE, Hacke W, Breithardt G,
Halperin JL, Hankey GJ, Piccini JP, Berker RC, Nessel CC, Paolini JF, Berkowitz
SD, Fox KA, Califf RM. Rivaroxaban versus warfarin in nonvalvular atrial
fibrillation. N Engl J Med. 2011;365:883–891.

31. Ichikawa H, Narita I, Narita M, Tanno T, Yokono Y, Kimura Y, Tanaka M, Osanai
T, Okumura K, Tomita H. Blood pressure-independent effect of olmesartan on
albuminuria in mice overexpressing renin: its beneficial role in the ACE2/Ang
(1-7)/Mas axis and NADPH oxidase expression. Int Heart J. 2018;59:1445–
1453.

32. Granger CB, Alexander JH, McMurray JJV, Lopes RD, Hanna M, Al-Khalidi HR,
Ansell J, Atar D, Avezum A, Bahit MC, Diaz R, Easton JD, Ezekowitz JA, Flaker G,
Garcia D, Geraldes M, Gersh BJ, Golitsyn S, Goto S, Hermosillo AG, Hohnloser
SH, Horowitz J, Mohan P, Jansky P, Lewis BS, Lopez-Sendon JL, Pais P,
Parkhomenko A, Verheugt FW, Zhu J, Wallentin L. Apixaban versus warfarin in
patients with atrial fibrillation. N Engl J Med. 2011;365:981–992.

33. Giugliano RP, Ruff CT, Braunwald E, Murphy SA, Wiviott SD, Halperin JL, Waldo
AL, Ezekowitz MD, Weitz JI, Spinar J, Ruzyllo W, Ruda M, Koretsune Y, Betcher
J, Shi M, Grip LT, Patel SP, Patel I, Hanyok JJ, Mercuri M, Antman EM. Edoxaban
versus warfarin in patients with atrial fibrillation. N Engl J Med.
2013;369:2093–2104.

34. Hamatani Y, Yamashita Y, Esato M, Chun YH, Tsuji H, Wada H, Hasegawa K,
Abe M, Lip GY, Akao M. Predictors for stroke and death in non-anticoagulated
Asian patients with atrial fibrillation: the Fushimi AF registry. PLoS One.
2015;10:e0142394.

35. Olesen JB, Lip GYH, Kamper A-L, Hommel K, Kober L, Lane DA, Lindhardsen J,
Gislason GH, Torp-Pedersen C. Stroke and bleeding in atrial fibrillation with
chronic kidney disease. N Engl J Med. 2012;367:625–635.

36. Fordyce CB, Hellkamp AS, Lokhnygina Y, Lindner SM, Piccini JP, Becker RC,
Berkowitz SD, Breithardt G, Fox KA, Mahaffey KW, Nessel CC, Singer DE, Patel
MR. On-treatment outcomes in patients with worsening renal function with
rivaroxaban compared with warfarin: insights from ROCKET AF. Circulation.
2016;134:37–47.

37. Yao X, Tangri N, Gersh BJ, Sangaralingham LR, Shah ND, Nath KA, Noseworthy
PA. Renal outcomes in anticoagulated patients with atrial fibrillation. J Am Coll
Cardiol. 2017;70:2621–2632.

38. Ware K, Brodsky P, Satoskar AA, Nadasdy T, Nadasdy G, Wu H, Rovin BH, Bhatt
U, Von Visger J, Hebert LA, Brodsky SV. Warfarin-related nephropathy modeled
by nephron reduction and excessive anticoagulation. J Am Soc Nephrol.
2011;22:1856–1862.

39. Schurgers LJ, Joosen IA, Laufer EM, Chatrou ML, Herfs M, Winkens MH,
Westenfeld R, Veulemans V, Krueger T, Shanahan CM, Jahnen-Dechent W,
Biessen E, Narula J, Vermeer C, Hofstra L, Reutelingsperger CP. Vitamin K-
antagonists accelerate atherosclerotic calcification and induce a vulnerable
plaque phenotype. PLoS One. 2012;7:e43229.

DOI: 10.1161/JAHA.119.012195 Journal of the American Heart Association 14

Impact of Rivaroxaban on Hypertensive Renal Damage Ichikawa et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H


