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a b s t r a c t
Background: Paroxysmal atrial ﬁbrillation (PAF) can increase thrombogenesis risk, especially in the left atrium
(LA). The exact mechanism is still unclear.
Objective: We assessed the effects of PAF on endothelial function, and investigated if febuxostat (FX) can attenuate endothelial dysfunction by inhibition of xanthine oxidase (XO).
Materials and methods: Eighteen male New Zealand white rabbits were divided randomly into sham-operated
(S), PAF (P) or FX + pacing (FP) groups. Group P and group FP received rapid atrial pacing (RAP). Group FP
was administered febuxostat (FX) for 7 days before RAP. Post-procedure, blood samples were collected from
the LA, right atrium (RA) and peripheral circulation. Tissues from the LA and RA were obtained. Endothelial dysfunction (thrombomodulin [TM], von Willebrand factor [VWF], asymmetric dimethylarginine [ADMA]), and indirect thrombin generation (thrombin-antithrombin complex [TAT], prothrombin fragment 1 + 2 [F1.2]) and
oxidative stress in atrial tissue (xanthine oxidase [XO], superoxide dismutase [SOD], malondialdehyde [MDA])
were measured using an Enzyme-linked immunosorbent assay. Atrial endothelial expression of TM and VWF
was measured by histology/western blotting.
Results and conclusions: Endothelial dysfunction (TM, VWF, ADMA), TAT generation and oxidative stress (XO,
SOD, MDA) in group P were more signiﬁcant compared with that in group S (p b 0.05, respectively). In group
P, all of these changes occurred to a greater extent in the LA compared with those in the RA or peripheral circulation. In group FP, FX attenuated endothelial dysfunction and reduced TAT levels by inhibition of XO-mediated
oxidative stress.
PAF can lead to endothelial dysfunction and TAT generation by XO-mediated oxidative stress. The LA is more susceptible to these effects. FX can attenuate these changes by inhibition XO and XO-mediated oxidative stress.
© 2016 Published by Elsevier Ltd.

1. Introduction
Atrial ﬁbrillation (AF) is the most common type of arrhythmia.
Thrombogenesis in the left atrium (LA) confers a ﬁvefold increase in
stroke risk [1]. The mechanism of thrombogenesis is characterized by
Virchow's triad including endothelial dysfunction [2]. Speciﬁc reasons
underlying endothelial dysfunction during AF, however, remain poorly
understood. Investigation of endothelial dysfunction during AF is important to show AF-related thrombogenesis.
Studies have focused mainly focused on relationship between
chronic AF and endothelial dysfunction. However, paroxysmal atrial ﬁbrillation (PAF) with a lower burden also increases the risk of
thrombogenesis and silent stroke [3,4]. The impact of short-term PAF
on endothelial dysfunction has not been studied in detail.
Some researchers have noted hypercoagulability in the LA compared
with the right atrium (RA) and in the peripheral circulation during AF.

These ﬁndings suggest the importance of local contributory factors to
thrombogenesis in the LA [5,6]. Whether there are regional differences
between the LA, RA and peripheral circulation with regard to extent of
endothelial dysfunction is not known.
Xanthine oxidase (XO) plays an important part in oxidative stress,
which participates in AF and AF-related thrombogenesis [7–12]. Endothelial dysfunction is critical for thrombogenesis. Some antioxidants
can attenuate endothelial dysfunction [13]. While, the role of XO in
AF-related endothelial dysfunction has not been studied.
We hypothesize that acute PAF results in local endothelial dysfunction through XO-mediated oxidative stress. Furthermore, we investigated the effects of a speciﬁc inhibitor of XO, febuxostat(FX), on endothelial
dysfunction in PAF.
2. Material and methods
2.1. Ethics statement
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This experimental protocol was approved by the Animal Care and
Use Committee of the Chinese PLA General Hospital. All procedures
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were performed in compliance with the National Institutes of Health
Guide for The Care and Use of Laboratory Animals published by National
Institutes of Health in 1996.

2.2. Experimental animals
Eighteen male New Zealand white rabbits (weighting 2.5–3.5 kg)
were purchased from the Experimental Animal Department of the
Chinese PLA General Hospital. The rabbits were randomly divided into
3 groups: FX + pacing (FP, n = 6), Pacing (P, n = 6) or Sham-operated
(S, n = 6). Prior to operation, rabbits in group FP were administered
with FX(10 mg/kg/d; Wanbang Biochemical Pharmaceutical Co.,
Jiangsu, China) by gavage once a day for 1 week, in order to obtain a
steady blood concentration [12]. Rabbits in other groups were administered with equal amount of saline once a day for 1 week. Whereafter,
rabbits in group P and FP received rapid atrial pacing (RAP) to simulate
PAF just as previously described [11]. Brieﬂy, rabbits were anesthetized
with pentobarbital sodium (30 mg/kg, iv), intubated, and ventilated
with a ventilator (40 cycles/min, 20 ml/kg). Heart rhythms were monitored using an electrocardiogram. Left thoracic cavity was opened at the
third intercostal space and the heart was exposed by a dilator. The pericardium was opened gently. The distal quadripolar pacing electrode
(Medtronic Inc., Minneapolis, MN, USA) was attached to the free wall
of LA and connected to a programmed stimulator (DW08-DF-5A;
Suzhou Dongfang Electronic Instruments Factory, Jiangsu, China). Atrial
pacing was performed at 600 beats/min with a 2-ms rectangular pulse
width and two times the diastolic threshold for 3 h. Rabbits in group S
received identical operation except RAP.

2.3. Electrophysiology studies
Electrophysiology studies were performed before and 3 h after respective procedures to evaluate the impact of pacing on electrophysiological properties of the atrium of rabbits in above 3 groups. The
quadripolar pacing electrode was ﬁrmly attached to the free wall of
the LA. The Jinjiang multi-channel physiology recorder(LEAD-7000,
Sichuan Jinjiang Electronic Science and Technology Co., Ltd., Sichuan,
China)was used to deliver a 2-fold-threshold current with a pulse
width of 2 ms. The atrial effective refractory period (AERP) was measured at the left atrial appendage with 200 ms basic cycle length, with
a train of 8 basic stimuli (S1), followed by a premature extra stimulus
(S2) in a 5-ms decay. The AERP was deﬁned as the longest S1S2 interval
that failed to induce the propagated atrial response [14]. The inducibility
of AF was tested by burst pacing 10 times (3-fold threshold current,
cycle length 60 ms, duration 10 s)using a stimulator (DF-5A; Suzhou
Dongfang Electronic Instruments Plant, Jiangsu, China). AF was deﬁned
as a rapid (N 500 bpm) irregular atrial rhythm that lasted for at least 1 s
[15]. AF inducibility was deﬁned as the percentage of successful induction of AF.

2.5. Enzyme-linked immunosorbent assay
Endothelial dysfunction was assessed by measuring the plasma
levels of von Willebrand factor (VWF), thrombomodulin (TM) and
asymmetric dimethylarginine (ADMA). Indirect thrombin generation
was evaluated by measuring the plasma levels of thrombin-antithrombin (TAT) complex and prothrombin fragment 1 + 2 (F1.2). Oxidative
stress was examined by measuring the tissue malondialdehyde (MDA)
levels, XO and superoxide dismutase (SOD) activity. Enzyme-linked immunosorbent assay (ELISA) using the rabbit ELISA kit (Shanghai Elisa
Biotech Co., Ltd. Shanghai, China) was used to detect their levels. All experiments were performed in duplicate or triplicate.
2.6. Histological analysis
Cut the transverse sections (3 μm) of parafﬁn-embedded tissues
from the LA and RA. And the atrial tissues were stained by antibodies
of VWF (Abcam, ab778) or TM (Abcam, ab6980).
2.7. Western blotting
Expression of the VWF in the atrial endocardium was evaluated by
western blotting. Protein concentrations were determined by the
bicinchoninic acid (BCA) assay. Fifty micrograms of the total protein
was solubilized in a volume-loading buffer (1% SDS, 30% glycerol, 0.8 M
DTT, 1 mM Tris-HCl, pH 6.8, 2% bromophenol-blue) at 95 °C for 5 min.
The mixture was then load onto a 10% or 5% polyacrylamide gel. The gel
was then incubated with a primary antibody (ab778, Abcam) of VWF,
after which the secondary antibody (anti-mouse) was added. The temperature was maintained at 37 °C for 2 h. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as the loading control.
2.8. Statistical analysis
Data were analyzed using the Statistical Package for the Social Sciences (SPSS) version 17.0 software (SPSS, Chicago, IL, USA). Values
were presented as mean ± SD and categorical variables were expressed
as percentages. Normality testing of the date was performed. One-way
analysis of variance (ANOVA) was used to compare the endothelial dysfunction, thrombin generation and oxidative stress among the 3 groups.
The differences between oxidative stress in the LA and RA of rabbits
from group P were compared by paired t-test. Differences in endothelial
dysfunction and thrombin generation among the LA, RA and peripheral
circulation were analyzed by one-way ANOVA. Repeated measures
ANOVA was used to compare AF inducibility and AERP before and
after stimulation. The chi-square test was used to compare the rate of
induction of AF. P b 0.05 was considered statistically signiﬁcant.
3. Results
3.1. AERP and inducibility of AF

2.4. Samples harvesting
Blood was quickly drawn by a syringe (pre-ﬁlled with an appropriate amount of sodium citrate) from the LA, RA and jugular vein (2 ml
from each site) after respective procedures. The blood was then centrifuged at 2500 × g for 15 min at 4 °C. The supernatant was separated and
stored at −80 °C for batch analysis. The rabbits were then sacriﬁced by
an intravenous overdose of sodium pentobarbital (0.5 g). The left and
right atrial tissues were collected and rinsed with saline to remove the
residual blood and immediately frozen in liquid nitrogen (tissue harvesting was completed within 30 s). Some parts of the tissues were
ﬁxed in 4% paraformaldehyde for 48 h and embedded in parafﬁn for
subsequent histologic studies.

The electrocardiograms of a rabbit during PAF and electrophysiology
studies are shown in Fig. 1. PAF effects on the AERP and the inducibility
of AF are shown in Fig. 2. The sham operation had no effect of the AERP
or the inducibility of AF (Fig. 2A and D). PAF reduced the AERP in group
P by 12% (P b 0.01; Fig. 2B) and in group FP by 10% (P b 0.01; Fig. 2C). PAF
increased AF inducibility by 2.4-fold in group P (P b 0.01; Fig. 2D) and
3.3-fold in group FP (P b 0.01; Fig. 2D).
3.2. PAF effects on endothelial dysfunction
Effects of PAF on endothelial dysfunction in the LA are shown in Fig. 3.
PAF increased levels of TM (P b 0.01; Fig. 3A), VWF (P b 0.01; Fig. 3B),
ADMA (P b 0.01; Fig. 3C), TAT (P b 0.01; Fig. 3D) signiﬁcantly in group
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Fig. 1. Electrocardiograms of rabbit. Potential of limb leads and left atrium under normal state (A); Potential of limb leads and left atrium during rapid atrial pacing at 600 bpm (B); AERP
measurement: S2 (stimulate interval = 75 ms) was unable to induce propagated atrial response (C); Atrial ﬁbrillation induced by rapid atrial pacing in 1000 bpm (D).

Group S

Group P

Group FP

Fig. 2. Effects of PAF or sham operation on the atrial effective response period (AERP) and inducibility of AF. Sham procedure did not affect AERP (A) and AF inducibility (D) in group S. PAF
decreased the AERP in group P (B) and group FP (C), while it increased the inducibility of AF in group P and group FP (D). Group S = group Sham operated; Group P = group pacing; Group
FP = group FX + pacing; PAF = paroxysmal atrial ﬁbrillation; AF = atrial ﬁbrillation.
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Fig. 3. Effects of PAF and febuxostat (FX) on endothelial dysfunction. PAF increased the plasma levels of TM (A), VWF (B), ADMA (C), TAT (D); FX signiﬁcantly attenuated these changes in
group FP. Level of F1.2 failed to show such changes. S = group Sham operated; P = group Pacing; FP = group FX + pacing; TM = thrombomodulin, VWF = von Willebrand factor,
ADMA = asymmetric dimethylarginine, TAT = thrombin-antithrombin complex, F1.2 = prothrombin fragment; the other abbreviations are as in Fig. 2.

Fig. 4. Local differences of endothelial dysfunction among rabbits in group P. The plasma levels of TM, VWF, ADMA, F1.2 and TAT in the LA were higher than the levels in RA and Pb(A, B, C,
D). No signiﬁcant differences were observed between the levels in the RA and Pb(E). LA = left atrium, RA = right atrium, Pb = peripheral blood; other abbreviations are as in Fig. 3.
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P. FX administration attenuated these changes (P b 0.05 for all). Level of
F1.2 failed to show such changes (P b 0.01; Fig. 3E).

signiﬁcantly. Signiﬁcant differences in SOD activity among the three
groups were not observed (Fig. 8C).

3.3. Local differences in endothelial dysfunction

4. Discussion

In group P, blood in the LA showed higher levels of TM, VWF, ADMA,
TAT and F1.2 compared with blood in the RA or blood from the peripheral circulation (P b 0.05 for all; Fig. 4). There were no signiﬁcant differences in levels of TM, VWF, ADMA, TAT or F1.2 between blood in the RA
or peripheral blood (P N 0.05; Fig. 4).

The present study provides new information on the relationship between oxidative stress and indirect thrombin generation during AF.
These results demonstrates that: (i) short-term PAF is associated with
increased endothelial dysfunction, TAT generation and oxidative stress;
(ii) FX can suppress XO activity and oxidative stress, which attenuates
AF-related endothelial dysfunction and TAT generation; (iii) endothelial
dysfunction and TAT generation occurs to a much greater extent in the
LA compared with that in the RA and peripheral blood; (iv) oxidative
stress is more signiﬁcant in the LA than in the RA during AF.

3.4. Immunostaining of TM and VWF in the atrial endothelium
Immunostaining of TM and VWF in the endothelium of the LA and
RA is shown in Figs. 5 and 6. The proteins of TM and VWF were stained
predominantly in endocardial cells. In group S, staining results for TM
and VWF were comparable between the endothelium of the LA and
RA (Figs. 5A and B, 6A and B). PAF increased the staining of VWF (Fig.
5C and D) but decreased the staining of TM (Fig. 6C and D); the extents
of changes was greater in the LA (Figs. 5C and 6C). However, these
changes could be attenuated by FX administration (Figs. 5E and F, 6E
and F).
3.5. Western blotting of VWF
Protein expressions of VWF increased in group P (especially in the
LA) (Fig. 7). After FX treatment, protein expression of VWF in the LA
and RA was decreased dramatically.
3.6. Oxidative stress
Effects of PAF on oxidative stress in tissues are shown in Fig. 7. PAF
increased XO activity (Fig. 8A) and MDA levels (Fig. 8B)signiﬁcantly (especially in the LA) (P b 0.05 for all). FX administration could inhibit XO
activity (Fig. 8A) and decrease MDA levels (P b 0.05 for all; Fig. 8B)

4.1. The PAF model
We established a PAF model by rapid pacing of LA. It has been demonstrated that RAP can induce electrophysiology remodeling similar to
that seen during AF [16]. In present study, RAP shortened AERP and increased the inducibility of AF signiﬁcantly. Therefore, the present model
could well simulate the clinical feature of PAF.
In our study, the PAF model was established through thoracotomy
rather than by intervention, which avoids catheter-related
thrombogenesis. Moreover, the LA has a shorter AERP than that in the
RA, which enables the LA to respond to a higher pacing rate during AF
induction.
4.2. Endothelial dysfunction
The mechanism of thrombogenesis in the LA during AF is complex
and known commonly as Virchow's triad, including endothelial dysfunction [2]. VWF, TM and ADMA are well-established biomarkers of
endothelial dysfunction [17,18].
VWF is released into the circulation upon stimulation of endothelial
cells by oxidative stress. High levels of VWF in blood are associated with
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Fig. 5. Immunohistochemistry of VWF in the endothelium. VWF staining results were comparable in the endothelium of the LA (A) and RA (B) in group S. PAF increased VWF staining in the
endocardium of the LA (C) and RA (D), especially in the LA (C). FX attenuated these changes of the LA (E) and RA (F). Bar = 50 μm. S-LA = left atrium of group Sham operated; P-LA = left
atrium of group Pacing; FP-LA = left atrium of group FX + pacing; S-RA = right atrium of group Sham operated; P-RA = right atrium of group Pacing; FP-RA = right atrium of group
FX + pacing; Abbreviations are as in Figs. 2, 3 and 4.
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Fig. 6. Immunoﬂuorescence of TM in the endothelium. TM straining results were comparable in the endothelium of the LA (A) and RA (B) in group S. PAF decreased TM staining in the
endothelium of the LA (C) and RA (D), especially in the LA (C). FX attenuated these changes of the LA (E) and RA (F). Bar = 50 μm. S-LA = left atrium of group Sham operated; P-LA = left
atrium of group Pacing; FP-LA = left atrium of group FX + pacing; S-RA = right atrium of group Sham operated; P-RA = right atrium of group Pacing; FP-RA = right atrium of group
FX + pacing; Abbreviations are as in Figs. 2, 3 and 4.

stroke risk in AF [19]. TM is co-localized along with the protein C receptor on the surface of endothelial, and is an important anticoagulant factor. In the case of endothelial dysfunction, localized TM is shed from
endothelial cells, leading to a weakened local barrier to anticoagulation.
High blood levels of TM and reduced local TM expression could increase
the risk of local thrombogenesis [18,20]. ADMA is an endogenous inhibitor of endothelial nitric oxide synthase. A higher level of ADMA is associated with several types of cardiovascular event (including stroke)
[21].
We found that AF is associated with increased blood levels of VWF,
TM and ADMA, results that are consistent with data from other studies
[22,23]. Present results reproved that AF can induces signiﬁcant endothelial dysfunction. Other studies didn't evaluate local endothelial
changes. In our study, histology studies showed increased staining of
VWF and decreased staining of TM in group P. These changes leads to
impaired anticoagulation barrier and increased risk of thrombogenesis.
Also, such changes occurred to a greater extent in the LA, which could
explain why thrombogenesis was observed predominantly in the LA.

4.3. Generation of TAT and F1.2
Thrombin generation expressed as elevated TAT and F1.2 is the ﬁnal
stage of thrombogenesis. Previous studies have suggested that AF is associated with increased TAT and F1.2 [24]. And these changes are exactly related to thromboembolic events in AF patients [25]. Hence, intimate
relationship exist between high levels of the two markers and AF-related thrombogenesis or thromboembolism. Researches related to AF-induced generation of TAT and F1.2 may illustrate the mechanism of
thrombogenesis during AF. Moreover, investigating the generation of
TAT and F1.2 regarding different sites can explain (at least in part) the
tendency of thrombogenesis in the LA.
TAT and F1.2 are very important indirect biomarkers for assessment of thrombin generation. We obtained blood samples directly
from the LA, RA and peripheral circulation, and found elevated
level of TAT. These results are consistent with those of other studies,
and demonstrate that the LA is more inclined to thrombin generation [10]. Such data explain (at least in part) the tendency of the
LA towards thrombogenesis. However, no such changes regarding
F1.2 were observed, which may result from the hyposensitivity of
F1.2.

4.4. Oxidative stress

Fig. 7. Tissue expression of VWF in the endothelium of the LA and RA. Western blotting
analysis showed increased VWF levels in group P, especially in the LA. FX treatment
signiﬁcantly reduced the upregulation of VWF in both the LA and RA. GAPDH =
glyceraldehyde-3-phosphate dehydrogenase; Group S = group Sham operated; Group
P = group Pacing; Group FP = group FX + pacing; other abbreviations are as in Figs. 2
and 3.

XO is an important component of oxidative stress. Accumulating evidences suggests that XO activation is associated with several cardiovascular diseases (including stroke and “silent infarction” of the brain) [26,
27]. Whether XO activation is involved in AF-related thrombogenesis is
not known.
We found increased XO activity and MDA level in the atria of rabbits
in group P, which are conforming to local endothelial dysfunction and
elevation of TAT. Hence, XO activation and XO-mediated oxidative
stress may participate in AF-related endothelial dysfunction and thrombin generation.
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Fig. 8. Effects of PAF and FX on tissue oxidative stress. PAF increased xanthine oxidase activity (A) and methane dicarboxylic aldehyde levels (B) in atrial tissues, especially in the LA (A and
B), while administration of FX alleviated these changes (A and B). No signiﬁcant difference in superoxide dismutase (SOD) activity were observed among the 3 groups (C). Group S =
group Sham operated; Group P = group Pacing; Group FP = group FX + pacing; Abbreviations are as in Figs. 3 and 4.

Noteworthy, divergences exist over this issue. In a porcine model of
AF, XO activity in the LA was shown to be increased signiﬁcantly [9]. Administration of the XO inhibitor oxypurinol reduced levels of superoxide
anions [9]. However, in another study on AF patients, examination of RA
specimens did not demonstrate signiﬁcant activation of XO, and failed
to support the role of XO in AF [28]. This discrepancy may have resulted
from XO activity in different tissues. In the porcine model of AF, increased XO activity in the LA was apparent, whereas, in the study on
AF patients, only RA tissues were examined. Therefore, some researchers have speculated that the LA is more sensitive to oxidative
stress [29]. It has been suggested that oxidative stress can lead to the necrosis or apoptosis of endothelial cells [30]. The difference in the oxidative stress at different sites explains (at least in part) the greater extent
of endothelial dysfunction and elevation of TAT and F1.2 in the LA.
In group P, we found signiﬁcantly higher XO activities and MDA
levels in the LA compared with those in the RA. These ﬁndings are in accordance with the notion of greater extent of endothelial dysfunction
and elevation of TAT and F1.2 in LA. In addition, SOD activity was not affected by administration of AF and FX, hence, exclude the impact of SOD.
Taken together, LA is more susceptible to oxidative stress, and XO-related oxidative stress may have an intimate relationship with PAF-related
local endothelial dysfunction and elevation of TAT and F1.2.
4.5. Effects of FX
Previous studies have suggested that conventional XO inhibitors (allopurinol or oxypurinol) can attenuate endothelial dysfunction [31]. Endothelium-combined XO shows potent endothelial activity, may effect
endothelial function. However, conventional XO inhibitors affect endothelium-associated XO only slightly [32]. FX is an investigational, potent
XO inhibitor. It is more effective in inhibiting endothelium-combined
XO compared with conventional XO inhibitors [32]. However, its role
in AF-related endothelial dysfunction has not been studied. Dudley
and colleagues found increased production of superoxide anions in the
LA and left atrial appendage of AF pigs and XO contributed to increased
production of superoxide anions [9]. They concluded that increased oxidative stress may contribute to some consequences of AF, such as
thrombogenesis [9].
The XO activity observed in rabbits is similar to that of humans. FX
administration (10 mg/kg body weight, p.o.) for 7 days before surgery
can help to achieve a steady drug concentration in plasma and potentially suppress XO activity [11,12]. We showed, that FX administration
suppressed PAF-related XO activation and reduced levels of MDA. Moreover, it alleviated local endothelial dysfunction (increased levels of TM,
VWF and ADMA) and elevation of TAT and F1.2 induced by PAF. These
results suggested that: (i) XO-mediated oxidative stress participates in
endothelial dysfunction and elevation of TAT and F1.2 in PAF; (ii) FX
can alleviate such changes by inhibition of XO.

4.6. Limitations
This study had some limitations. First, we established a PAF model
through widely used approach, RAP, which cannot simulate the irregular atrial activation in clinical AF. Second, RAP through thoracotomy may
induce inﬂammation and inﬂuence some parameters. Third, we did not
regulate the ventricular rate to the normal level by suppression of atrioventricular conduction. Hence, the increased ventricular rate could have
inﬂuenced some parameters (though it has been reported that rapid
ventricular rate dose not affect endothelial function markers) [21].
Fourth, we did not obtain the results for TM using western blotting because of a lack of western blot-speciﬁc antibody. Finally, illustration of
the exact relationship between oxidative stress and AF-induced endothelial dysfunction and thrombin generation need some molecular-biology studies (which will be done by our research team).

5. Conclusions
AF is the most common type of arrhythmia with increased stroke
risk. Illustration of thrombogenesis mechanism can provide better strategy for stroke prevention. Present study explored relationship between
PAF and endothelial dysfunction, provided possible approaches for endothelial protection. Four main conclusions can be drawn form the present study. First, PAF plays a important part in endothelial dysfunction.
Second, the LA is more vulnerable to endothelial dysfunction, clotting
activation and oxidative stress during PAF. Third, XO-mediated oxidative stress may participate in PAF-related endothelial dysfunction and
thrombin generation. Fourth, FX can inhibit XO activation and oxidative
stress during PAF, and attenuates PAF-induced local endothelial dysfunction and reduces TAT levels.
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