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Abstract
Despite considerable improvements in the management of hypertension, only half of adults with hypertension 

have their blood pressure under control. Uncontrolled hypertension may contribute to the development of left 
ventricular hypertrophy-induced myocardial ischemia. Accumulating evidence also suggests that hypertension may 
lead to lower heart rate variability (HRV), which is associated with an increased risk of cardiovascular disease. This 
forms the basis for the hypothesis that interventions aiming at raising HRV and reducing ischemia-induced injury 
in hypertensive patients, especially after AMI, may reduce the risk of cardiac events and mortality. In experiments 
reported here, we investigated the effects of the sphingosine-1-phosphate receptor agonist FTY720 on HRV in 
isolated, denervated murine ischaemic hearts. Our results demonstrated the presence of one major concentration 
of power centred on the ultra low frequency bands (ULF) which accounted for more than 99.9% of the total power 
(TP). TP and ULF decreased by 98% and 98.5% during ischemia respectively whilst these parameters increased by 
1074% and 1073% during ischemia + 25 nFTY720 respectively (n=8, p<0.001). The Poincaré plot of the ischemia + 
25 nM FTY720 condition exhibits greater dispersion of points than that of the control and ischemia conditions. The 
reconstructed ellipses had larger SD2 in the ischemia + 25 nM FTY720 condition than in the control and ischemia 
conditions (n=8, p<0.001). These data provide the first evidence that FTY720 may increase HRV, especially after 
myocardial ischemia and may represent a therapeutic approach for the treatment and prevention of coronary artery 
disease.

Keywords: Hypertension; FTY720; Myocardial ischemia; Coronary
artery disease; Myocardial ischemia

Abbreviations: HRV: Heart Rate Variability; ULF: Ultra Low
Frequency; TP: Total Power 

Introduction 
The prevalence of hypertension among U.S. adults aged ≥18 

years is approximately 31%, and hypertension increases with age 
to approximately 70% among subjects aged ≥65 years [1]. Despite 
considerable improvements in the management of hypertension, only 
half of adults with hypertension have their blood pressure under control 
[2]. Evidence suggests that the prevalence of uncontrolled hypertension 
is increasing [3]. Uncontrolled hypertension may contribute to the 
development of left ventricular hypertrophy (LVH). In hypertrophied 
myocardium, there is a compression and reduced density of capillaries, 
and a reduced ability of the coronary arteries to dilate in response to 
decreased perfusion or during vasodilatory stress [4]. These factors 
may lead to a decreased coronary reserve and a consequent myocardial 
ischemia which is associated with an increased cardiovascular risk. 

Evidence also suggests that hypertension is related to overall lower 
heart rate variability (HRV) values and low HRV values have been 
associated with increased mortality and the risk of cardiac events [5-
7]. The predictive value of a depressed HRV may be independent of 
other known risk factors of coronary artery disease (CAD) [3]. [8]. 
Interestingly, improvement in HRV has been associated with a better 
outcome [9,10]. This suggests that interventions aiming at raising 
HRV and reducing ischemia-induced injury in hypertensive patients, 
especially after AMI, may represent a therapeutic approach for the 
treatment and prevention of CAD. 

FTY720 (Fingolimod) is an orally available sphingosine-1-
phosphate (S1P) receptor agonist, approved by the FDA for the treatment 
of multiple sclerosis that induces functional change in lymphocytes and 

macrophages [11,12]. The cardiac effects of FTY720 are well known 
and have been described in animals and humans. Schmouder et al. 
demonstrated that FTY720 might have a mild to moderate negative 
chronotropic effect in humans [13]. Remarkably, FTY720 has been 
shown to significantly reduce atherosclerotic plaques in apoE deficient 
mice [14]. FTY720 has also been shown to both prevent ischemia-
reperfusion damage in isolated murine heart and sino-atrial nodes (SA) 
[15,16]. Furthermore, FTY720 reduces ischemia-induced ventricular 
arrhythmias and SA nodal dysfunction via activation of p21 activated 
kinase (Pak1), a Ser/Thr kinase downstream of small G-proteins, and 
Akt [15-17], consistent with prior studies in S1P2,3 receptor knockout 
mice that demonstrated an increase in infarct size following ischemia 
reperfusion injury [18]. On the basis of these data, we speculated 
that FTY720 might also increase HRV in an isolated ischemic heart 
preparation. 

Materials and Methods
Study protocol

This study was approved by the Ethical Committee of the University 
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of Manchester and the Home Office. Procedures were performed in 
accordance with UK national and institutional guidelines. Eight Wistar 
adult rats weighing 300-400 mg were humanely killed by cervical 
dislocation. The excised hearts were immediately immersed in cold 
buffer (23°C) to achieve cardioplegic arrest prior to mounting on 
the perfusion apparatus. The apparatus allowed coronary perfusion 
by Langendorff mode. In the Langendorff mode, the aortic root is 
retrogradely perfused, and the left ventricle performs isovolumic 
pressure work with a closed aortic valve; the left atrium is not filled. 
After a 30-minute perfusion period in Langendorff mode to stabilize 
the isolated heart preparation, all hearts underwent perfusion for 30 
minutes with normal Tyrode solution, followed by 20 minutes with 
ischemic solution and finally for 30 minutes with ischemic solution 
plus 25 nM FTY720. Two suction electrodes for ECG recording 
were positioned on the right atrial and left ventricular free walls, 
respectively. The perfusate consisted of a modified Krebs’-Henseleit 
buffer containing (in mM): 118  NaCl, 4.7  KCl, 1.2  MgSO4, 2  CaCl2, 
0.5  Na2EDTA, 11  glucose, 25  NaHCO3,

 and 1.2  KH2PO4 gassed with 
95% O2-5% CO2 to give a pH of 7.4. The ischemic solution and the 
control perfusate were similar, except for the following changes: 8 mM 
KCl, no glucose, pH 6.0, and bubbled with 100% nitrogen gas for more 
than 45 min before the experiment was started. Temperature was set at 
36°C at the inner surface of the right ventricular apex. ECG data were 
digitized at a sampling rate of 300 Hz and stored for subsequent off-line 
data analysis.

Analysis of HRV

The HRV analysis was performed by measuring the frequency 
domain and the Poincaré plot indexes. The ECG was continuously 
monitored. Spectral analysis was done with Fast Fourier Transformation 
algorithms using a commercial software kit (MATLAB, Mathworks, 
Inc., Natick, MA, USA). To obtain the indexes, the area under different 
bands of the power spectrum was measured. Five measures of HRV 
in the frequency domain were computed (Table 1). The Poincaré plot 
is a diagram in which each R-R interval of a tachogram or HRV time 
series is plotted as a function of the previous R-R interval. We used pairs 
of R-R intervals lagged by one, two, and four beats. The quantitative 
analysis of the Poincaré plot is based on the notion that each R-R 
interval is influenced by previous vagal and sympathetic modulations 
over the heart rate and therefore the pairs of successive R-R intervals 
form an attractor in the Poincaré plot. An ellipse was adjusted to the 
Poincaré plot attractor after calculation of the minor and the major axes 
as follows: the Poincaré plot is first turned 45° counter clockwise and the 
standard descriptors (SD) of the data along the horizontal axis (SD1 or 
minor axis) is then computed. SD1 shows the SD of the instantaneous 
beat-to-beat variability of the data. The SD of the continuous long-term 
R-R intervals (SD2 or major axis) is measured along the horizontal
axis, after the plot is turned 45° clockwise. The point where both axes
intersect corresponds to the total mean of the R-R intervals [19].

Statistical analysis

All data are reported as means ± S.D. Repeated measure one-
way ANOVA analysis of variance was used to compare values of 
measurements obtained from the heart preparation. When analysis of 
variance revealed the existence of a significant difference among values, 
Tukey’s test was applied to determine the significance of a difference 
between selected group means. A p value < 0.05 was taken as an upper 
limit to indicate a significant difference. 

Results
Effect of FTY720 on ischemia-induced bradycardia 

We first studied the effect of FTY720 on ischemia-induced 
bradycardia in Langendorff ex vivo heart. The ex vivo hearts were first 
perfused with normal Tyrode solution for 30  min and then exposed 
to global ischemia by perfusion with the ischemic solution for 20 min 
and, finally, followed by 30 min of ischemia in the presence of 25 nM 
of FTY720. As shown in figure 1, RR interval increased by 69% during 
ischemia and by 24% during ischemia + 25 nM FTY720 from baseline 
(control: 230 ± 17 ms; ischemia: 741 ± 138 ms; ischemia + 25 nM 
FTY720: 302 ± 121, n=8, p<0.001). Thus, FTY720 attenuated ischemia-
induced bradycardia. 

Power spectral analysis

The Langendorff ex vivo heart model preparations were also used 
to study the effect of FTY720 on HRV under ischemia condition. The 
ex vivo hearts were also either perfused with normal Tyrode solution 
or equilibrated for 30  min and then exposed to global ischemia by 
perfusion with the ischaemic solution for 20 min. Heart rate was 
recorded for 2 h for each of eight animals. A Fast Fourier transform was 
used to derive the HRV power spectrum. Changes in frequency and 
amplitude of the various spectral peaks were quantitatively examined. 
In figure 2 typical examples of HRV time series of control, ischemia 
and ischemia + 25 nM FTY720 conditions are shown. We found 
that the percentage of total power values for the ULF band of HRV 
frequency spectrum was 99.94% suggesting that most of the HRV on 
isolated denervated murine heart is related to this band of spectrum 
(TP, 2271580 ± 557098 vs. 2270230 ± 537057, ULF). As summarized 
in table 2, total power and ULF decreased by 98% and 98.5% during 

 Variables  Unit  Definition
 Mean R-R  ms  Mean RR interval
 Total power (TP)  ms2  Approximately ≤ 0.4 Hz
 Ultra low frequency  ms2  Approximately ≤ 0.003 Hz
 domain (ULF)
 Very low frequency  ms2  Power from 0.003 to 0.04 Hz
 Domain (VLF)
 Low frequency domain (LF)  ms2  Power from 0.04 to 0.15 Hz
 High frequency domain (HF)  ms2  Power from 0.15 to 0.4 Hz

Table 1: Measures of heart rate variability in the frequency domain.

Control

            Ischaemia

          Ischaemia + 25 nMFTY 720

1 s

Figure 1: ECG recordings showing the effect of FTY720 on ischemia-induced 
bradycardia in rat heart preparations. Ischemia reduced RR interval and this 
effect was blunted by a co-administration of 25 nM of FTY720 (n=8; P<0.001).
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ischemia respectively whilst these parameters increased by 1074% and 
1073% during ischemia + 25 nFTY720 respectively (n=8, p<0.001). The 
remaining frequency domain or power spectral measures of HRV such 
as VLF, LF, HF were found to be substantially reduced or abolished 
on both control and ischemia conditions respectively (n=8, p<0.001). 
Figure 3 shows global results from the statistical and power spectral 
analysis in control, ischemia and ischemia + 25 nm FTY720 conditions.

Poincaré analysis

Some evidence suggests that qualitative analysis of Poincaré (or 
Lorenz) plot patterns may identify higher risk CAD patients in whom 
standard time and frequency domain HRV measures are not different 
[20]. Other data also suggest Poincaré plot analysis might also provide 
prognostic information that is independent of and complementary 
to traditional frequency domain HRV [21]. Thus, Poincaré plot was 
also used to evaluate HRV. Each R-R interval was plotted against the 
previous one so that the coordinates of each point are R-R and R-R-
1. An ellipse fitted to the Poincaré plot was used to provide numeric
measures of their magnitude. The short axis of the fitted ellipse was
designated as SD1 and the long one as SD2. The ratio was then called
SD1/2. Typical Poincaré plots are shown in figure 4. As the plot gets
more abnormal, the short axis tends to get larger relative to the long
one and SD1/2 becomes larger as a result. Table 3 shows the Poincaré
plot indexes measured from Poincaré plots. As summarized in table
3, SD2 was significantly greater in the ischemia + 25 nM FTY720
condition than in the control and ischemia conditions (n=8, p<0.001).
No statistically significant differences were detected by the Poincaré
indexes among other conditions but there was a trend toward an
increase and a decrease of SD1/2 in ischemia and ischemia + 25 nM
FTY720 conditions respectively compared with the control.

Discussion
Our data are the first to demonstrate that the S1P receptor agonist 

FTY720 can increase HRV. These data also significantly extend earlier 
reports providing evidence for a role of FTY720 in cardiac protection 
as FTY720 effectively antagonized ischemia-induced bradycardia. 
Moreover, we also found that HRV was significantly reduced during 
ischemia and FTY720 increased HRV as the Poincaré plot of the 
ischemia + 25 nM FTY720 condition exhibited greater dispersion 
of points than that of the Control and ischemia conditions. The 
reconstructed ellipses had larger SD2 in the ischemia + 25 nM FTY720 
condition than in the control and ischemia conditions. There was also 
a trend toward an increase and a decrease of SD1/2 in ischemia and 
ischemia + 25 nM FTY720 conditions respectively compared with the 
control. 

We also demonstrated the presence of one major concentration 
of power centred on ULF (≤ 0.003 Hz). ULF power accounted for 
more than 99.9% of the total power. Although the pattern of HRV 
was of random, broad-band fluctuations, we observed variations in 
this spectral peak, especially its amplitude, both during ischemia and 
ischemia + 25 nM FTY720 phases. The amplitude of this spectral peak 
decreased and increased significantly in ischemia and ischemia + 25 
nM FTY720 respectively. The remaining frequency domain or power 
spectral measures of HRV such as VLF, LF, and HF were found to 
be substantially reduced or abolished on both control and ischemia 
conditions respectively. This is likely to be due to the denervation as 
the experiments were conducted on isolated denervated murine heart. 
In consistence with our results, Raeder and colleagues observed that 
surgical denervation of the heart in the anesthetized dog immediately 
abolished most heart rate fluctuations in the 0.02- to 0.3-Hz frequency 
bands [22]. Moreover, there is considerable evidence that the power 
in the HF band is a function of variation in parasympathetic nervous 
system activity, and that modulation of both parasympathetic and 
sympathetic activity contributes to the LF band [23-26]. 

Evidence suggests that hypertension is related to overall lower HRV 
values and may be associated with myocardial ischemia [6,7]. Declines 
in most HRV measures, although not HF power, were seen in those 
who suffered myocardial ischemia during that period [27]. In a direct 
comparison of data from a large post-AMI study and data from healthy 
age- and gender-matched normal controls, six power spectral measures 
of HRV (ULF, VLF, LF, HF, total power, and LF/HF ratio) were found 
to be substantially reduced 10 days after AMI [28]. In a canine model 
of AMI, coronary artery ligation is followed by an abrupt decrease in 
HRV [29]. 

A depressed HRV has an important clinical relevance as it has also 
been associated with both arrhythmic and non-arrhythmic cardiac 
death suggesting that HRV in combination with other risk factors for 
arrhythmic death may help identify high-risk patients [30]. In fact, one 
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Figure 2: R-R interval tachograms from control (A); ischemia (B) and ischemia 
+ FTY720 (C).

 Variable  Unit Control  Ischemia  Ischemia+FTY720
 Mean RR  ms  230 ± 17  741 ± 138*  302 ±1 21‡§
 TP  ms2  2271580 ± 557098  51492 ± 11905*  26662929 ± 6768702‡§
 ULF  ms2  2270230 ± 537057  34519 ± 9105*  26634969 ± 659792‡§
 VLF  ms2  993 ± 278  12 ± 28*  20008 ± 4980‡§
 LF  ms2  142 ± 83  26 ± 12*  3170 ± 1405‡§
 HF  ms2  108 ± 60  10 ± 6*  951 ± 473‡§

 Values: mean ± SD. *P<0.001 for the Mean RR, TP, ULF, VLF, LF and HF 
comparison between the control vs. ischemia. ‡P<0.001 for the Mean RR, TP, ULF, 
VLF, LF and HF comparison between the control vs. ischemia + FTY720. §P<0.001 
for the Mean RR, TP, ULF, VLF, LF and HF comparison between the ischemia vs. 
ischemia + FTY720.
Table 2: Heart Rate Variability analysed in the Frequency Domain in the isolated, 
denervated rat heart during control and ischemia conditions.

Variable Unit Control Ischemia Ischemia+FTY720
SD1 ms 5.9 ± 4 4.3 ± 3 5 ± 2.5
SD2 ms 19.6 ± 1 11.5 ± 1* 41 ± 2‡ §
SD1/SD2 N/A 0.3 ± 0.20.38 ± 0.3 0.13 ± 0.1

Values are means ± standard error; SD1 = standard deviation of instantaneous 
beat-to-beat variability; SD2 = standard deviation of long-term continuous 
variability; SD1/SD2 = ratio between instantaneous and long-term standard 
deviation. *P<0.001 for the SD2 comparison between the control vs. ischemia. 
‡P<0.001 for the SD2 comparison between the control vs. ischemia + FTY720. 
§P<0.001 for the SD2 comparison between the ischemia vs. ischemia + FTY720.
Table 3:  Quantitative Two-Dimensional Analysis of Poincaré Plots of Successive 
RR Intervals.
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of the proven clinical uses of HRV is the prediction of risk cardiac death 
or arrhythmic events after AMI [23]. The first large study to show the 
usefulness of HRV for predicting long-term outcome after AMI, the 
Multi-Center Post-Infarction Program, or MPIP, involved 808 patients 
who underwent ambulatory monitoring within 11 days of AMI [31]. 
After a mean 31-months follow-up, HRV measures predicted mortality 
independently of other risk predictors such as left ventricular ejection 
fraction or ventricular arrhythmias. In a reanalysis of the MPIP data, 
after a four-year follow-up, all frequency domain measures of HRV were 
associated with all cause, cardiac, and arrhythmic death; the strongest 
univariate association was for total power and ULF power. After 
adjustment for five established risk predictors (age, NYHA functional 
class, rales detected on chest auscultation in the coronary care unit, 
left ventricular ejection fraction, and ventricular arrhythmias), the 
association between mortality and total power, ULF power remained 
significant whereas VLF, LF power and HF power were only moderately 
strongly associated with mortality [32]. The continuing validity of HRV 
for prediction of outcome post-AMI was confirmed in the GISSI-2 

study of fibrinolytic therapy in AMI [33]. A subset of 567 patients had 
a valid 24-hour ambulatory ECG recording and 52 of them died during 
1000 days of follow-up. Decreased values of HRV identified high risk 
groups comprising 16 to 18 percent of the cohort, with mortalities 
ranging from 20.8 to 24.2 percent in the high-risk group versus 6.0 to 
6.8 percent in the low-risk group. Thus, the relative risk of mortality was 
approximately 3.0 for the low HRV groups. The largest recent study of 
the predictive value of HRV post-MI was ATRAMI (Autonomic Tone 
and Reflexes after Myocardial Infarction) [34]. Patients (N=1284) had 
Holter recordings 28 days post-MI and were followed for 21 ± 8 months. 
Depressed HRV was associated with a relative risk of mortality of 3.2. A 
meta-analysis of 21 studies with 3489 patients confirmed the ATRAMI 
findings, showing that patients with depressed HRV (8.1 percent of 
patients) were almost four times as likely to die over the following three 
years [35].

Although the prognostic value of HRV relies heavily on changes in 
ULF power, the physiologic correlates of ULF bands are not established 
[23-26,36-40]. Suggested causes of heart rate variability in the ULF bands 
include variations in hormones of the renin-angiotensin-aldosterone
system, temperature regulation, circulating catecholamines, or changes 
in physical activity [24,41-44].

As demonstrated in experiments reported here and consistent with 
other reports, most of the spectral power is contained in this lowest 
frequency band [37]. As a decreased ULF power is a powerful predictor 
of death in the years after AMI, mechanisms regulating ULF bands may 
have therapeutic implications: agents that can increase a HRV at the 
ULF (as shown here with FTY720) may have therapeutic value after 
infarction, particularly in patients with low HRV [37]. 

Conclusion
In conclusion, we have provided the first evidence that FTY720 

increases HRV in an ischaemic murine model. The present study 
also suggests that a decreased HRV during ischemia in isolated 
heart preparation is mainly at the ULF. In view of the powerful and 
independent prediction of mortality of this component of the heart 
period power spectrum, interventions aiming at raising HRV at the 
ULF in post-AMI hypertensive patients, such as FTY720, may represent 
a therapeutic approach for the treatment and prevention of CAD.
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