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Abstract

:

The use of beverages containing caffeine has increased significantly in recent years due to their stimulant effects. The aim of this study was to determine the possible adverse effects of caffeine and taurine on young adults’ cardiovascular systems using linear and nonlinear parameters for this analysis. This study was carried out with 56 students from Aydın Adnan Menderes University. The participants were divided into four main groups: caffeine, taurine, caffeine + taurine, and a control. Blood pressure and electrocardiogram measurements were performed before the ingredients were consumed. After 30 and 60 min, the measurements were repeated. Linear and nonlinear analyses were performed on the heart rate variability data 60 min after consumption. Compared with taurine and the combination of caffeine + taurine, caffeine was found to have the most adverse effects on the hemodynamic parameters and the linear and nonlinear parameters of heart rate variability in the young adult participants. It was also found that the presence of taurine may have repressed the adverse effects of caffeine.
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1. Introduction


Caffeine and taurine are major components of energy drinks, which have been reported to be frequently consumed by students, athletes, and individuals between the ages of 21 and 35 [1]. A clinical review on the adverse effects of energy drinks reported that more than 50% of current status reports were related to the cardiovascular system, followed by neurological problems [2]. For such reasons, it is important to investigate the beneficial and adverse effects of energy drinks and of caffeine and taurine, which are dominant in energy drinks, on young adults in particular.



Caffeine, the most dominant component of energy drinks, is a xanthine that affects GABA inhibition, phosphodiesterase modulation, and A2 adenosine receptor antagonism [3]. It stimulates the central nervous system and becomes toxic when taken in high doses [4]. Taurine, on the other hand, is a non-essential amino acid that is found in high concentrations in the brain and acts as both a neuromodulator and a neurotransmitter [5]. It is also known that taurine has beneficial effects on the cardiovascular system [6]. Although taurine administration has been shown to reduce blood pressure and has antiarrhythmic properties [7], it has been reported that higher doses of taurine reverse these benefits [8].



Studies have been conducted on caffeinated beverages, but their effects on the human body are not fully known. For example, Çalışkan et al. [9] reported in their study that caffeinated beverages have adverse effects on the cardiovascular system, and, as a result, this opinion has spread, but it has not achieved certainty. To obtain clearer and more detailed information, the cardiovascular effects of the ingredients in energy drinks should be examined separately. There are very few such studies in the literature [10,11]. For example, Bichler et al. [5] reported that they observed an increase in blood pressure 70 min after the administration of 100 mg caffeine and 1000 mg taurine capsules. Moreover, there are several studies that have investigated the effects of caffeine on exercise [12,13,14], one of which reported that when caffeine and taurine were administered together, they had an increasing effect on cardiac contractility parameters after exercise [15].



Heart rate variability (HRV) is a physiological metric that is regulated by the autonomic nervous system and is related to sympathetic and parasympathetic activity [16]. In the literature, time-domain and frequency-domain analyses, which are linear analysis methods, are generally used to examine HRV. Conventional time-domain indexes such as the standard deviation of normal-to-normal RR intervals (SDNN), the total number of adjacent RR intervals with a difference in duration greater than 50 ms (NN50), and the root-mean square of differences between adjacent normal RR intervals in a time interval (RMSSD) are the first used indexes for HRV analysis and are statistical calculations of consecutive RR intervals [17]. These parameters are usually used to identify risk stratification in cardiovascular diseases and general mortality [18]. Frequency-domain indexes are based on power spectral density analysis and estimate the absolute power in four frequency bands: ultra low frequency (ULF (≤0.003 Hz)), very low frequency (VLF (0.0033–0.04 Hz)), low frequency (LF (0.04–0.15 Hz)) and high frequency (HF (0.15–0.40 Hz)) [19]. HF and LF fluctuations reflect the variations in heart rate that are related to the respiratory cycle and baroreceptor activity during resting conditions, respectively [19]. Since HRV signals are complex and unpredictable, linear methods that focus only on sympathovagal balance assessments and first- and second-order statistics are inadequate to measure them. Nonlinear methods are extensively used to overcome this deficiency. Nonlinear measurements index the unpredictability of a time series, which results from the complexity of the mechanisms that regulate HRV, and they might provide beneficial information for the physiological interpretation of HRV [20]. Various nonlinear methods are used to analyze RR interval dynamics, such as power-law analysis, geometrical analysis, and phase space reconstruction (PSR). Since HRV depends on too many parameters, analyzing it accurately is very complicated; however, phase space reconstruction has a great advantage compared to other methods, as it can be performed when a parameter is recorded for a sufficient time interval. When HRV is reconstructed in the phase space, various nonlinear indices, such as the largest Lyapunov exponent, correlation dimension, and approximate entropy, can be calculated from the generated attractor. These nonlinear parameters can provide information about variations in the system’s complexity, which cannot be obtained using linear methods. A few studies have used PSR for analysis in different states [21,22].



While there are limited studies that have used linear analysis methods to investigate the effects of energy drinks on the cardiovascular system [23,24], those using nonlinear analysis methods are even more scarce. In the literature, Caliskan and Bilgin [25] reported that energy drinks increased the complexity of the cardiovascular system, examining the electrocardiogram signals recorded from young adults using phase space reconstruction. Additionally, Yeragani et al. [26] and Papaioannou et al. [27] investigated the nonlinear dynamics of HRV and blood pressure after caffeine ingestion, respectively, while Yeragani et al. [26] and Papaioannou et al. [27] only investigated the approximate entropy when conducting nonlinear analysis of HRV and blood pressure. However, to obtain more comprehensive information about nonlinear dynamics, it is necessary to examine more varied nonlinear parameters. In the literature, no study was found in which the effects of energy drink components on the cardiovascular system were examined using both linear and nonlinear analysis methods; this study, which aims to do so, will be the first of its kind. In addition, by analyzing more nonlinear parameters such as the largest Lyapunov exponent, correlation dimension, and Hurst exponent, we aim to obtain more information about the dynamics of the cardiovascular system under the influence of caffeine and taurine. In this way, information that cannot be obtained using linear methods will be obtained using comprehensive nonlinear analysis. From another perspective, we aim to obtain more detailed and comprehensive information about the possible effects of caffeine and taurine through the dynamic and unpredictable nature of the system and about how safe these ingredients are for young adults.




2. Materials and Methods


2.1. Participants


Fifty-six volunteers (16 female (F), 40 male (M)) aged 18–24 sourced from various faculties of Aydın Adnan Menderes University participated in this study. No histories of adverse side effects or allergies related to caffeine and taurine were present. Information related to age, weight, height, body mass index, and caffeine consumption habits was obtained using an acceptance questionnaire. All participants were infrequent caffeine consumers (0–25 mg caffeine/day). The exclusion criteria included a body mass index greater than 30 kg/m2, a systemic disease, current alcoholism, and smoking. We performed an a priori power analysis to obtain the sample size. The t-test was applied for power analysis, and the actual power was found to be 0.85. We required a sample size of 14 for each group to detect the effects of caffeine and taurine on the cardiovascular system.



This was a single-blind, randomized trial. Participants were divided into four groups: caffeine (n = 14: 4 F + 10 M), taurine (n = 14: 4 F + 10 M), caffeine + taurine (n = 14: 4 F + 10 M), and control (n = 14: 4 F + 10 M), using the envelope randomization method. Opaque envelopes of the same size were chosen by the participants, and the experimental groups were formed with participants who chose envelopes containing the same group number. Informed consent was obtained from all participants.




2.2. Experimental Protocol


Participants were asked not to use caffeine-containing products, cigarettes, or alcohol 72 h before the study and not to eat or drink anything other than water 12 h before the study. Measurements were carried out at normal room temperature (20 ± 2 °C) in a partially isolated dim-light environment against external factors. The participants were told to rest for 20 min before the baseline measurements. Disposable Ag-AgCl electrodes were placed, and 5-min electrocardiogram signals were recorded from the participants in resting and supine posture. For this procedure, an ECG100C unit and BIOPAC Acknowledge acquisition software version 3.9 (Biopac System Inc., Santa Barbara, CA, USA) with a sampling frequency of 200 Hz were used. After electrocardiogram recording, systolic and diastolic blood pressure were measured manually by using a stethoscope (Littman Classic II, Saint Paul, MN, USA). Measurements were performed before consumption and 30 and 60 min after consumption. The caffeine group consumed 200 mg of caffeine + 0 mg of taurine; the taurine group consumed 0 mg of caffeine + 2500 mg of taurine; the caffeine + taurine group consumed 200 mg of caffeine + 2500 mg of taurine; and the control group consumed the same amount of water within 5 min. The doses of caffeine and taurine consumed were approximately the same as in a 20 oz energy drink. Caffeine and taurine were given in capsule form with water. The subjects were not informed about the ingredients in the capsule.




2.3. Denoising


Physiological signals are nonlinear, nonstationary, and quasi-periodic time series. However, they are very sensitive to different types of noise that can distort their morphological and spacing properties, leading to misdiagnosis and inappropriate treatment of patients. For this reason, the ECG signals obtained from the participants were subjected to various processes and cleared of noise to become understandable. In this study, a Daubechies mother wavelet ‘dB9’ at decomposition level 4 was used to remove interference noise. This mother wavelet is recommended in the literature as the most effective noise removal method for ECG signals [28]. The MATLAB Wavelet Toolbox 3.0.1 was used for the noise removal procedure.




2.4. Data Acquisition


All electrocardiogram analysis was performed according to the standards set by the Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology [20]. The HRV time series were derived from the 5-min electrocardiogram signals by using the Pan and Thompkins algorithm [29]. Consecutive RR peaks were determined, and the intervals were obtained. HRV was determined by dividing 60 by the RR interval durations.




2.5. Nonlinear Analysis


Phase Space Reconstruction


Electrocardiographic signals exhibit chaotic behavior, and thus, particularly nonlinear methods are required to analyze them. Takens’s phase space reconstruction technique is the most convenient as it can describe all the information of a system based on a single variable. In this study, HRV time series were reconstructed in phase space by using the calculated parameters of embedding dimension and time delay. Cao’s method [30] and the mutual information method [31] were used to calculate the embedding dimension and time delay values, respectively. The nonlinear parameters: largest Lyapunov exponent, correlation dimension, approximate entropy, and Hurst exponent, which represent the complexity and chaotic nature of the system, were extracted from the attractor. MATLAB (The Mathworks Inc., Natick, MA, USA) was used for this process. A detailed explanation was given in the study of Caliskan et al. [32].





2.6. Linear Analysis


A linear analysis of the electrocardiogram data was performed by Kubios HRV Standard (Kubios Heart Rate Variability analysis software version 3.1.0; Kupio, Finland). The time-domain parameters SDNN, RMSSD, and NN50 were analyzed. Furthermore, the frequency-domain parameters LF (0.04–0.15 Hz), HF (0.15–0.40 Hz), and LF/HF ratio were also evaluated.




2.7. Statistical Analysis


The experimental data were statistically analyzed using SPSS Statistics for Windows, Version 22.0 (SPSS Inc., Chicago, IL, USA). Distribution normalization was determined by the Shapiro–Wilk normality test. One-way variance analysis with the Bonferroni post-test was used for data with a normal distribution (>0.05), and the Kruskal–Wallis non-parametric test was used for data not distributed normally (<0.05). Two-way analyses of variance for repeated measures with the within-subject factors of time (pre, 30 min, 60 min) and group were used for the statistical evaluation. The effects of each treatment over time were analyzed by using one-way analyses of variance with the Bonferroni post-hoc test when the analyses of variance yielded a significant difference. Data were presented as the mean ± standard error of the mean. A p-value of less than 0.05 was considered to indicate statistical significance.





3. Results


Eighty-eight students were enrolled and underwent the study procedures in the second half of 2023. Fourteen volunteers had smoking habits, eight volunteers had systemic diseases, six volunteers had alcohol addiction, and four volunteers were excluded due to previous adverse reactions to caffeine. The mean age of the participants was 20.09 y/o ± 2.00 y/o, the mean height was 167.86 cm ± 3.04 cm, the mean weight was 69.62 kg ± 14.64 kg, and the mean body mass index was 23.01 ± 3.86. No significant differences were obtained between the groups among the age, height, weight, and body mass index values.



For the caffeine and caffeine + taurine groups, heart rate and systolic blood pressure increased, but no significant difference was seen in the taurine group (Table 1). The increase in heart rate and systolic blood pressure at 60 min for the caffeine group was found to be statistically significant when compared to baseline (Figure 1 and Figure 2). In addition, while the heart rate and systolic blood pressure values of the caffeine group at the 60th minute were found to be statistically significant compared to the control group (p = 0.012, p = 0.035, respectively), no difference was observed for the taurine group. Furthermore, for the treatment groups (caffeine, taurine, and caffeine + taurine groups), diastolic blood pressure did not change over time. No alterations were observed in the control group.



For the time-domain analysis, in the caffeine and caffeine + taurine groups, the RMSSD and NN50 increased and SDNN decreased. The alteration in these parameters for the caffeine group was found to be statistically significant when compared to the control group’s values at 60 min (p = 0.021, p = 0.048, and p = 0.016, respectively). Furthermore, an increase in the HF frequency-domain parameter was observed in the treatment groups, while the LF and LF/HF frequency-domain parameters tended to decrease over time. However, these reductions were not statistically significant when compared to the baseline values and the control group’s values. No changes were observed for the taurine and control groups’ time and frequency-domain parameters.



The time course of the changes in the largest Lyapunov exponent and approximate entropy are presented in Figure 3 and Figure 4. All nonlinear parameters were increased in the caffeine group, and these increments were statistically significant for the largest Lyapunov exponent and approximate entropy at 60 min (Table 2). Also, the caffeine group’s largest Lyapunov exponent values at 60 min were found to be statistically significant when compared to those for the control group (p = 0.013). For the taurine group, there was a slight reduction in the correlation dimension, but no significant alterations were observed for the other nonlinear parameters. Furthermore, for the caffeine + taurine group, all nonlinear parameters were higher than the pre values; however, a statistically significant increase was only observed for the largest Lyapunov exponent value at 60 min. No significant changes in the nonlinear parameters were observed for the control group over time.




4. Discussion


This study was performed to evaluate the effects of caffeine and taurine components on the cardiovascular systems of young adults and to analyze HRV both linearly and nonlinearly. As a principal finding, compared with taurine and the combination of caffeine + taurine, caffeine was found to have the most negative effects on the cardiovascular system. It was also found that caffeine had adverse effects on the linear and nonlinear parameters of HRV. However, the presence of taurine may have repressed the adverse effects of caffeine.



Caffeine and taurine are accepted as the major ingredients of energy drinks that cause improvements in neurocognitive performance and positive ergogenic effects [10]. It was reported that high doses of caffeine are characterized by multiple cardiac comorbidities, including atrial fibrillation, palpitations, and tremors [7]. In addition, a transient increase in blood pressure and heart rate occurs due to the release of adrenaline after the consumption of caffeine [33]. Furthermore, low doses of taurine demonstrated cardioprotective actions such as decreasing platelet aggregation, reducing blood pressure, and having antiarrhythmic properties [7]. However, it was suggested that for higher doses of taurine, these beneficial effects were overridden [8].



Consistent with the effects of caffeine, Hartley et al. [34] reported a significant increase in both systolic blood pressure and diastolic blood pressure 60 min after the intake of a 250 mg caffeine capsule, while Papaioannou et al. [27] reported an increase in blood pressure values 60 min after the ingestion of 240 mg caffeine. These were in line with our results. This increase in blood pressure may be because of sympathetic over-activation, antagonism of adenosine receptors, and increased norepinephrine release [35]. Furthermore, Geethavani et al. [36] reported a significant increase in the heart rate related to caffeine intake after 60 min. We also found a significant elevation in heart rate values in the caffeine group 60 min after ingestion. On the other hand, in our study, we did not observe any changes in systolic blood pressure, diastolic blood pressure, or heart rate in the taurine group. Contrary to our results, it has been reported in the literature that the ingestion of taurine doses below the 10 g/day safe limit [37] reduces blood pressure and heart rate [7]. Since peak plasma concentrations of taurine occur at 60 min to 150 min after ingestion [38], the reason why no change was observed may be the duration of our study. On the other hand, for the caffeine + taurine group, the heart rate values increased in line with the study of Jeffries et al. [11], which reported a large increase in heart rate one hour after the ingestion of a combination of caffeine + taurine at rest. Increases in the systolic blood pressure and diastolic blood pressure values of the caffeine + taurine group were also found in our study; the increase was smaller in the caffeine + taurine group than in the caffeine group. This is because taurine may have a reducing effect on blood pressure and heart rate variability due to inducing vasodilation and its hypotonic effect. Caffeine consumption has been reported to increase vasoconstriction and the release of norepinephrine, which causes a high heart rate and blood pressure [39]. However, taurine has the opposite effect of caffeine by suppressing norepinephrine, increasing norepinephrine turnover, and reducing angiotensin II-mediated vasoconstriction [40]. In this case, the increased release of norepinephrine due to the presence of caffeine may have shown a taurine suppressive effect, therefore reducing the negative effects caused by caffeine, such as increases in heart rate and blood pressure [7]. Therefore, taurine may have repressed the effect of caffeine. This suggestion is in agreement with the report published by the European Union’s SCF, which noted that “if there are any interactions between caffeine and taurine, taurine might reduce the cardiovascular effects of caffeine” [7].



SDNN, LF, and LF/HF are related to heart responsiveness and are thought to be mediated by interactions between sympathetic and parasympathetic nerve activities. Their reduction is reported to be associated with an increased risk of sudden arrhythmic death. In particular, SDNN values below 50 ms are classified as unhealthy, while healthy values are between 50 and 100 ms [41]. In our study, we found a reduction in these parameters for the caffeine and caffeine + taurine groups, in line with the study of Nelson et al. [42], which reported a decrease in SDNN and LF values after the consumption of 473 mL of energy drink, and with Caliskan and Bilgin’s study [43], which reported a decrease in LF and LF/HF parameters after the same amount of energy drink was consumed. However, several studies have reported that these parameters increased or did not change over time [24,44]. This may be because, in our study, the effects of caffeine and taurine were examined separately instead of using energy drinks. Furthermore, we evaluated the RMSSD, NN50, and HF parameters, which are related to cardiac parasympathetic function, and found that these parameters increased in the caffeine and caffeine + taurine groups. Our results agreed with studies reporting increased RMSSD and HF values after the consumption of varying amounts of energy drinks or caffeine capsules [23,44]. Furthermore, the increases in heart rate, RMSSD, NN50, and HF can be explained by the dominance of parasympathetic influence mediated via the release of acetylcholine by the vagus nerve. Since there are no studies investigating the acute effects of taurine on the cardiovascular system, we cannot make comparisons with our results in this regard.



The oscillations of the heart have chaotic behavior. Therefore, nonlinear analysis of the cardiovascular system is gaining importance. It was reported that the cardiovascular system demonstrated increased complexity and chaotic behavior in several disease states [45]. There are very few studies in the literature investigating the effects of caffeine or energy drinks on the cardiovascular system using nonlinear analysis methods. In fact, no studies on the effects of taurine or a combination of taurine + caffeine have been conducted in this manner before our own study. We observed increases in the caffeine and caffeine + taurine groups’ largest Lyapunov exponent, correlation dimension, approximate entropy, and Hurst exponent values at 60 min. These results are in line with studies that have reported increased Lyapunov exponent and correlation dimension values 60 min after participants consumed energy drinks or coffee [25] and increased approximate entropy values after 5 mg/kg caffeine intake when compared to the control group [26]. Since no studies have evaluated the Hurst exponent after caffeine or taurine consumption in the literature, there is no opportunity to compare the results we obtained. The nonlinear parameters largest Lyapunov exponent, correlation dimension, approximate entropy, and Hurst exponent indicate the complexity and chaotic dynamics of the system. The increased values of these parameters are related to pathological phenomena. Therefore, our results support the suggestion that caffeine and beverages containing caffeine and taurine have adverse effects on the cardiovascular system and may induce heart-related diseases.



The central nervous system controls the heart from beat-to-beat through the vagus nerve and modulates heart rate. HRV is one of the major predictors utilized in a wide spectrum of cardiological and non-cardiological diseases. A high heart rate can cause tachycardia and also sudden cardiac death [22]. In this case, serious clinical conditions and heart failure symptoms such as mild dizziness, fainting with chest discomfort, severe chest pain, and shortness of breath may occur [46]. In addition, high blood pressure is an important risk factor for heart failure, atrial fibrillation, chronic kidney disease, heart valve diseases, aortic syndromes, and dementia, in addition to coronary heart disease and stroke [47]. Even though the doses used in our study were within the safe range (a single dose of 200 mg caffeine and 6 g/taurine per person per day) determined by the European Food Safety Authority (EFSA) [34,48], the high heart rate and blood pressure seen in our results showed that caffeine had negative effects on the cardiovascular system. Therefore, it was concluded that caffeine intake at this dose may be harmful.



This study possessed some limitations. The first limitation is the relatively small number of participants. A study with a larger sample size may contribute to a more accurate generalization of the results. Furthermore, studies with larger and more diverse sample sizes are being planned. In our study, short-term electrocardiogram recording was performed because there was a “stationarity” problem in long-term ECG recordings [20]. However, we did not consider the VLF parameter. Because of this, VLF values are considered dubious in short-term recordings [20]. If the duration of the recording increases, the long-term effects of caffeine and taurine on the cardiovascular system, such as their effects on VLF, can be evaluated, and the results can be extended. Moreover, energy drinks contain other ingredients such as glucuronolactone, sugar, ginkgo, and ginseng herbal flavors. It may be possible that these other components affect the cardiovascular system alone or synergistically with caffeine and taurine. The acute effects of other components were not evaluated in our study, which is an important limitation. In addition, the effects of higher doses of caffeine and taurine were not evaluated due to this being unethical and unsafe. Finally, the peak plasma concentration of taurine occurs at 60–150 min [49], but in our study we performed measurements at 30 min and 60 min after consumption. Therefore, the possible effects of taurine may not have been fully observed.




5. Conclusions


This study, which investigated the acute effects of caffeine and taurine components on the cardiovascular systems of young adults and analyzed HRV both linearly and nonlinearly, found that caffeine had the most negative effects on the cardiovascular system in young adults when compared to taurine and a combination of caffeine + taurine. It was also found that caffeine significantly increased heart rate and systolic blood pressure, which are important hemodynamic parameters. Furthermore, as a result of nonlinear analysis, it was found that caffeine consumption increased the complexity of the cardiovascular system in young adults. Accordingly, it had adverse effects on the linear and nonlinear parameters of HRV. It was also found that the presence of taurine may have repressed the adverse effects of caffeine. To validate and expand these findings, further studies with larger and more diverse sample sizes to investigate the possible acute effects of other energy drink ingredients over longer periods of time are being planned.
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Figure 1. Time course of changes in heart rate of experimental groups. Δ: statistically significant versus the pre value of the caffeine group (p = 0.013). 
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Figure 2. Time course of changes in systolic blood pressure in experimental groups. Δ: statistically significant versus the pre value of the caffeine group (p = 0.019). 






Figure 2. Time course of changes in systolic blood pressure in experimental groups. Δ: statistically significant versus the pre value of the caffeine group (p = 0.019).



[image: Applsci 14 04912 g002]







[image: Applsci 14 04912 g003] 





Figure 3. Time course of changes in the largest Lyapunov exponent of experimental groups. Δ: statistically significant versus the pre value of the caffeine group (p = 0.009); ○: statistically significant versus the pre value of the caffeine + taurine group (p = 0.021); □: statistically significant versus the pre value of the control group (p = 0.013). 
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Figure 4. Time course of changes in the approximate entropy of experimental groups. Δ: statistically significant versus the pre value of the caffeine group (p = 0.035). 
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Table 1. Hemodynamic and linear heart rate variability parameters of the groups. p-value refers to the differences between the groups’ pre and 60th min values.
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Caffeine

	
Taurine

	
Caffeine + Taurine

	
Control






	
Heart Rate (bpm)

	
Pre

	
79.50 ± 2.11

	
82.62 ± 3.09

	
82.07 ± 2.81

	
77.75 ± 2.34




	
30 min

	
80.86 ± 2.20

	
82.36 ± 3.21

	
85.93 ± 2.33

	
77.24 ± 2.51




	
60 min

	
89.57 ± 2.06

	
82.64 ± 3.17

	
87.43 ± 2.12

	
78.49 ± 3.01




	
p-value

	
0.013

	
0.401

	
0.474

	
0.315




	
Systolic Blood Pressure

(mm Hg)

	
Pre

	
111.43 ± 3.13

	
111.00 ± 3.36

	
111.62 ± 2.70

	
110.92 ± 2.22




	
30 min

	
112.50 ± 3.42

	
112.21 ± 3.11

	
114.21 ± 3.33

	
111.62 ± 3.64




	
60 min

	
119.43 ± 2.97

	
111.08 ± 4.22

	
116.29 ± 3.09

	
110.38 ± 3.99




	
p-value

	
0.019

	
0.253

	
0.621

	
0.778




	
Diastolic Blood Pressure

(mm Hg)

	
Pre

	
76.29 ± 2.01

	
75.71 ± 2.50

	
75.93 ± 2.94

	
75.23 ± 2.66




	
30 min

	
75.29 ± 1.63

	
75.86 ± 2.12

	
76.07 ± 1.77

	
75.15 ± 2.42




	
60 min

	
76.20 ± 2.09

	
76.14 ± 1.29

	
76.36 ± 2.31

	
74.36 ± 3.14




	
p-value

	
0.151

	
0.636

	
0.119

	
0.294




	
SDNN (ms)

	
Pre

	
52.323 ± 10.125

	
53.469 ± 9.336

	
53.254 ± 10.512

	
52.585 ± 9.801




	
30 min

	
48.723 ± 7.197

	
53.979 ± 7.461

	
49.471 ± 5.755

	
51.754 ± 8.266




	
60 min

	
42.900 ± 6.874

	
53.571 ± 5.914

	
44.971 ± 5.911

	
52.823 ± 8.348




	
p-value

	
0.764

	
0.823

	
0.791

	
0.193




	
RMSSD (ms)

	
Pre

	
55.438 ± 10.215

	
57.095 ± 12.361

	
56.486 ± 14.399

	
56.592 ± 15.804




	
30 min

	
67.493 ± 13.966

	
58.940 ± 8.643

	
60.332 ± 15.121

	
56.946 ± 10.988




	
60 min

	
73.836 ± 16.821

	
58.377 ± 10.393

	
63.407 ± 11.302

	
56.908 ± 9.622




	
p-value

	
0.392

	
0.496

	
0.163

	
0.512




	
NN50 (beat)

	
Pre

	
8.781 ± 2.326

	
8.819 ± 2.194

	
8.429 ± 2.061

	
8.507 ± 2.094




	
30 min

	
10.643 ± 2.115

	
9.692 ± 1.116

	
9.643 ± 1.169

	
8.577 ± 1.288




	
60 min

	
13.000 ± 2.734

	
9.615 ± 2.730

	
11.923 ± 1.334

	
8.231 ± 1.966




	
p-value

	
0.460

	
0.911

	
0.137

	
0.714




	
LF (Hz)

	
Pre

	
545.071 ± 161.337

	
548.286 ± 87.667

	
541.143 ± 126.995

	
543.308 ± 117.241




	
30 min

	
496.357 ± 129.724

	
547.357 ± 62.308

	
516.214 ± 114.364

	
541.769 ± 83.774




	
60 min

	
482.426 ± 174.611

	
544.429 ± 57.328

	
503.286 ± 101.252

	
548.769 ± 92.601




	
p-value

	
0.518

	
0.334

	
0.816

	
0.433




	
HF (Hz)

	
Pre

	
695.857 ± 162.664

	
704.846 ± 171.911

	
695.750 ± 234.552

	
696.154 ± 183.732




	
30 min

	
725.000 ± 209.768

	
703.077 ± 224.413

	
716.857 ± 211.783

	
698.846 ± 196.912




	
60 min

	
776.923 ± 200.301

	
713.000 ± 200.184

	
749.231 ± 241.219

	
698.538 ± 201.744




	
p-value

	
0.381

	
0.347

	
0.607

	
0.115




	
LF/HF

	
Pre

	
0.783 ± 0.115

	
0.777 ± 0.677

	
0.778 ± 0.971

	
0.780 ± 0.384




	
30 min

	
0.685 ± 0.264

	
0.779 ± 0.236

	
0.720 ± 0.116

	
0.775 ± 0.994




	
60 min

	
0.621 ± 0.820

	
0.764 ± 0.591

	
0.672 ± 0.534

	
0.786 ± 0.163




	
p-value

	
0.633

	
0.396

	
0.674

	
0.116











 





Table 2. Nonlinear heart rate variability parameters of the groups. p-value refers to the differences between the pre and 60th min values of the groups.
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Caffeine

	
Taurine

	
Caffeine + Taurine

	
Control






	
Embedding Dimension

	
Pre

	
3 ± 0.688

	
3 ± 0.641

	
3 ± 0.194

	
3 ± 0.326




	
30 min

	
3 ± 0.109

	
3 ± 0.113

	
3 ± 0.677

	
3 ± 0.773




	
60 min

	
3 ± 0.341

	
3 ± 0.651

	
3 ± 0.382

	
3 ± 0.161




	
p-value

	
0.445

	
0.943

	
0.111

	
0.444




	
Time Delay

	
Pre

	
2 ± 0.120

	
2 ± 0.663

	
2 ± 0.798

	
4 ± 0.391




	
30 min

	
3 ± 0.251

	
3 ± 0.214

	
3 ± 0.379

	
3 ± 0.832




	
60 min

	
3 ± 0.188

	
3 ± 0.216

	
3 ± 0.256

	
2 ± 0.166




	
p-value

	
0.337

	
0.910

	
0.963

	
0.558




	
Largest

Lyapunov

Exponent

	
Pre

	
−0.357 ± 1.193

	
−0.341 ± 1.184

	
−0.343 ± 1.246

	
−0.343 ± 0.167




	
30 min

	
0.069 ± 1.166

	
−0.345 ± 1.108

	
0.280 ± 1.013

	
−0.347 ± 0.995




	
60 min

	
1.507 ± 1.391

	
−0.347 ± 1.825

	
0.829 ± 1.211

	
−0.346 ± 0.571




	
p-value

	
0.009

	
0.101

	
0.021

	
0.609




	
Correlation

Dimension

	
Pre

	
0.987 ± 0.016

	
1.001 ± 0.017

	
0.995 ± 0.013

	
0.986 ± 0.021




	
30 min

	
1.029 ± 0.053

	
0.990 ± 0.064

	
1.023 ± 0.091

	
0.984 ± 0.013




	
60 min

	
1.140 ± 0.078

	
0.864 ± 0.048

	
1.086 ± 0.087

	
0.984 ± 0.029




	
p-value

	
0.261

	
0.811

	
0.113

	
0.716




	
Approximate

Entropy

	
Pre

	
0.089 ± 0.052

	
0.090 ± 0.026

	
0.091 ± 0.067

	
0.090 ± 0.096




	
30 min

	
0.119 ± 0.043

	
0.093 ± 0.080

	
0.108 ± 0.084

	
0.090 ± 0.023




	
60 min

	
0.136 ± 0.086

	
0.093 ± 0.007

	
0.127 ± 0.030

	
0.092 ± 0.089




	
p-value

	
0.035

	
0.959

	
0.143

	
0.517




	
Hurst

Exponent

	
Pre

	
0.793 ± 0.012

	
0.787 ± 0.181

	
0.787 ± 0.109

	
0.793 ± 0.145




	
30 min

	
0.823 ± 0.073

	
0.785 ± 0.129

	
0.825 ± 0.141

	
0.791 ± 0.166




	
60 min

	
0.858 ± 0.091

	
0.785 ± 0.117

	
0.849 ± 0.132

	
0.789 ± 0.219




	
p-value

	
0.079

	
0.704

	
0.228

	
0.900
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