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Introduction
The autonomic nervous system (ANS) is the neural network 
that maintains the homeostasis of the human body, avoiding 
changes owing to environmental and internal factors by con-
trolling the response of visceral organs. The ANS is divided 
into the sympathetic and parasympathetic systems. These divi-
sions of the ANS work together with the innervation of the 
effector organs, resulting in 1 system being responsible for con-
striction and the other for relaxation of the effector smooth 
muscle fibers. Disturbances in the ANS can lead to illnesses/
disorders. Moreover, increased parasympathetic activity or 
decreased sympathetic activity results in improved cardiovascu-
lar survival,1 signifying the important effect of the ANS on 
quality of life and life expectancy in humans.

The ANS can be modified by exercise,2 psychological state,3 
diet,4 drugs,5 and several other environmental factors. Food is 
an important element affecting the ANS. Mediterranean diet,6 
fish-based dishes that are rich in omega 3 fats,7 and yogurt 
enriched with α-lactalbumin8 are associated with enhancement 
of the parasympathetic system and have beneficial health effects. 
Some foods cause sympathetic activation that negatively affects 

human health.4 Major nutrients, such as proteins, carbohy-
drates, and fats, also modify the ANS. In one study, a diet rich in 
carbohydrates induced increased parasympathetic activity and 
reduced sympathetic activity during exercise compared with the 
corresponding outcomes after providing a low-carbohydrate 
diet.9 In another study, intake of trans fats resulted in poor para-
sympathetic activity.10 However, reports on the effects of the 
major nutrients are limited, and the effects of major nutrients 
on the ANS remain unclear.

Most previous studies examining the association between 
the major nutrients and the ANS had several limitations. They 
were mostly human studies, in which confounding factors 
obscured the nutrients’ effect on the ANS. Moreover, they were 
classified into short-term (shorter than 1 week) and long-term 
(more than 1 week) studies. Among the short-term studies, the 
observation periods were <4 hours, except for that in the study 
by Lima–Silva et al where it was 48 hours.9 However, it takes 
approximately 3 hours for gastric emptying after an ordinary 
meal,11 carbohydrates are absorbed and maintained in stable 
condition in 3 to 4 hours after intake,12 and fats require at least 
6 hours to be digested.13 Therefore, the observation periods 
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may have been too short to sufficiently discriminate the effects 
of major nutrients, such as carbohydrate versus fats on the 
ANS. Furthermore, most previous studies have compared ANS 
activity in pre-prandial and postprandial states to investigate 
the effects of the nutrients on the ANS; the comparison was 
not between the effect of different types of nutrients on ANS 
activity.

This study addressed these limitations by using a rat model 
to exclude the impacts of confounding factors intervening in 
human studies. The measurements were conducted for 2 days 
in the control and experimental periods, which was deemed 
sufficient for nutrient digestion and absorption. The compari-
son between diets rich in carbohydrates or fats and the stand-
ard diet were made; the comparison was not performed with 
the state before the experimental diets were provided.

The ANS has been evaluated using cardiovascular reflexes, 
heart rate variability (HRV), catecholamine measurements, 
sudomotor function, and microneurography14; among these, 
HRV is considered the most promising surrogate marker of 
ANS function.4 In this study, rats were implanted with elec-
trodes and a battery, and HRV was measured after 1 week.

While the effects of fats on ANS activity have been previ-
ously reported in experimental animals,15 our study was one of 
the few to examine the effects of carbohydrates on ANS activ-
ity in animals. The rats were fed a diet rich in carbohydrates or 
fats, and their HRV parameters were examined and compared 
with their HRV while on a standard diet.

Materials and Methods
This study was approved by the animal experiment committee 
(approval number: 211 in 2019) of Kyorin University and was 
conducted according to the guidelines for animal experiments 
at Kyorin University.

Fourteen 4-week-old male Wistar rats weighing 200 to 
300 g were included in this study. The animals were housed in 
cages in a lightproof chamber at a temperature of 25 ± 1°C in 
12/12 hours light/dark cycle. Rats were exposed to light 
between 6 AM and 6 PM, and they remained in the dark 
between 6 PM and 6 AM. All rats were provided standard rat 
pellets (MF; Oriental Yeast Co, Tokyo, Japan). Then, the 
experimental pellets (carbohydrate-rich or fat-rich pellets) 
were provided for 2 days at approximately 4 PM. The rats ate 
the pellets ad libitum, which mirrors a natural feeding condi-
tion. Water was also supplied ad libitum. Cages were cleaned at 
approximately 10 AM.

Transmitter Implantation
The rats were anesthetized using pentobarbital sodium (35 mg/
kg) for sedation and butorphanol tartrate (0.5 μg/kg) for anal-
gesia. For electrocardiography (ECG), a telemetric transmitter 
(TA10ETA-F20 or TA10EA-F20; Data Sciences, St. Paul, 
MN, USA) was implanted in the subcutaneous space of the 
dorsal chest. Paired bipolar-wire electrodes were submerged in 

the subcutaneous space over the trapezium. The ECG record-
ings were obtained 1 week after the transmitter was implanted.

ECG Recordings
Each rat was placed on a signal-receiving board (CTR-86; 
Data Sciences) within its cage. The ECG was recorded for 
24 hours using an ECG processor (Softron Ltd., Tokyo, Japan). 
The signals were sampled every 1 minute, and the data were 
stored on a hard disk.

HRV Analysis
The ECG data obtained using the ECG processor were ana-
lyzed using power spectral analysis.16 The computer program 
detected R waves, calculated the R-R interval, and formulated 
the function of the R-R interval and time; this function was 
transformed into a continuous function using a spline curve. 
From this time series, datasets of 512 points were resampled at 
100 ms. Therefore, the data obtained during 51.2 seconds were 
accumulated every 24 seconds, resulting in approximately 1800 
data points over 12 h (Study 1) and 150 data points over a 
1 hour period (Study 2). These data were averaged. The 
Hamming window was applied to each dataset to minimize 
spectral leakage. A fast Fourier transform was used to obtain 
the power spectrum of the fluctuation. Squared magnitudes 
and the products of the computed discrete Fourier transforms 
were averaged to obtain spectral estimates. Low-frequency 
(LF) and high-frequency (HF) bands were defined as 0.2 to 
0.75 Hz and 0.75 to 3.0 Hz, respectively.16 The ratio of 
LF-to-HF (LF/HF) power was also calculated.

Protocol

At 1 week after the ECG leads and the transmitter were 
implanted, the ECG recordings were obtained for 2 days, dur-
ing which time the rats were fed a standard rat diet (MF, the 
standard pellet for rats: Oriental Yeast Co.; Table 1). The rats 
were then randomly divided into 2 groups (the carb and fat 
groups) with an equal body weight distribution. The rats in the 
carb group (n = 7) were provided carbohydrate-rich pellets 
(AIN-93G: Oriental Yeast Co.; Table 1), and the rats in the fat 
group (n = 7) were provided fat-rich pellets (HFD60: Oriental 
Yeast Co.; Table 1). ECG data were recorded for 2 days, during 
which time the rats were fed the experimental diets.

Data Analysis
Study 1: 12-h-average study

Heart rate (HR) and HRV data, including HF, LF, and the LF/
HF ratio, were divided into 2 categories: 6 PM to 6 AM, that 
is, the dark period, and 6 AM to 6 PM, that is, the light period. 
The data obtained during each period while the rats were fed 
standard pellets (control period) and those obtained during the 
experimental period were averaged. The HR and HRV data 
collected during the dark period on each day while the rats 
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were fed the experimental pellets (1800 data points for each 
type of pellet) were compared with those collected during the 
dark period on the 2 days while the rats were fed the standard 
pellets (3600 data points). The data collected during the light 
period were compared in the same manner.

Study 2: One-hour-average study

The HR and HRV data collected during the 1-hour study 
period on day 1 of the experimental period were compared 
with the corresponding data collected during the 2 days of the 
control period.

Statistical Analysis
The HR and HRV (HF, LF, and LF/HF ratio) data were con-
sidered to follow the standard distribution per the central limit 
theorem. A one-sample t-test was used to compare the HR, 
HF, LF, and LF/HF ratio data collected during the 12-hour 
study period with the experimental pellets, with those collected 
during the two 12-hour study periods with the standard pellets 
(Study 1). The HR and HRV data collected during the 1-hour 
study period were compared between each experimental-diet 
group and the standard-diet group using the one-sample t-test 
(Study 2). The HR, HF, LF, and LF/HF ratio data of each 
experimental-diet group and the standard-diet group were 
compared using a two-sample t-test. The baseline body weights 
of the rats in each experimental group are expressed as medians 
and interquartile ranges and compared using the Mann–
Whitney U test. Statistical significance was set at p  < .05. All 
statistical analyses were performed using the StatFlex software, 
version 5 (Artec Ltd., Osaka, Japan).

Results
No arrhythmias were observed on the ECG recordings of any 
of the rats throughout the study. In Study 1, the HRs were not 
significantly different between the control and experimental 
periods on any of the days (Figure 1). However, the HRs were 

significantly higher during the dark periods than during the 
light periods for each group (control, P < .01; carb group, 
P < .01; fat group, P < .01). The HF power was significantly 
higher during the dark period on the first day when the rats 
were fed carbohydrate-rich pellets than when the rats were fed 
standard pellets (P < .01; Figure 1). The HF power values were 
not significantly different between the dark and light periods 
in any of the diet groups. The LF power was not significantly 
different among the 3 diet periods (standard, carbohydrate, and 
fat) or between the dark and light periods in any of the diet 
periods (Figure 1). The LF/HF ratio during the dark period on 
the first day was significantly higher in the fat group than in 
the standard group (P < .05; Figure 1). The HR and HRV 
were not significantly different between the carb and fat groups 
during the control period.

In Study 2, the HF power tended to be, but not significantly, 
higher in the carbohydrate-diet period than in the standard-
diet period (Figure 2). The LF power was significantly higher 
between 0 AM and 01 PM (P < .05) and between 4 AM and 5 
AM (P < .05) in the fat-diet period than in the standard-diet 
period (Figure 2). The LF/HF ratio between 11 PM and 1 AM 
was significantly higher in the fat-diet period than in the 
standard-diet period (P < .05).

The weights of the rats fed experimental (median, 287 g; 
interquartile range, 238-295 g) and standard (median, 266 g; 
interquartile range, 247-285 g) pellets were not significantly 
different.

Discussion
In this study, the effects of intake of carbohydrates and fats on 
HRV parameters were examined using a rat model to determine 
the effects of these major nutrients on the ANS. The HF power 
significantly increased in the carb group, indicating increased 
parasympathetic activity. In contrast, the LF/HF ratio signifi-
cantly increased in the fat group, indicating increased sympa-
thetic activity.

Table 1. Constituents of pellets.

 HFD60 AIN-93G MF

(STANDARD pEllET)

Total calories (kcal/100 g) 493 400 359

protein (calorie %) 22 20 23

Fat (calorie %) 33 7 5

Saturated fatty acid (g/100 g pellet) 14.1 3 2

Carbohydrate (calorie %) 26 64 55

polysaccharide (g/100 g pellet ) 32 54 43

Fiber (calorie %) 6 3 3

Miscellaneous (calorie %) 13 6 4

Abbreviations: AIN93G, high-carbohydrate pellet; HFD, high-fat pellet.
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Most previous studies on the short-term effects (<1 week) 
of the intake of carbohydrates and fats on the ANS were con-
ducted in the 1980s to mid-2010s, used HRV or plasma nor-
epinephrine concentrations as a measure of the effects on the 
ANS, and compared pre-prandial and postprandial values to 
determine the effects of different foods.9,15,17-25 These repre-
sentative studies (10 studies focusing on carbohydrates and six 
on fats) have been arranged in Table 2, demonstrating that 
sympathetic activity was increased and parasympathetic activ-
ity decreased after the ingestion of carbohydrates; after the 
ingestion of fats, half of the studies showed the same result but 
the other half showed no change.

However, most of these studies had several limitations, such 
as insufficient elimination of confounding factors other than 
the food inherent in human studies, shorter observation peri-
ods of less than 4 hours in 15 studies out of 16 studies in terms 

of the nutrient’s absorption and metabolism, and the compari-
son between the pre-prandial and postprandial ANS regardless 
of comparison with the ANS in the control diet.

This study used a rat model to exclude the effects of external 
stimuli on the ANS, such as social events,26 emotion,3,27 and 
audiovisual information,28 ruling out the effects of other fac-
tors as much as possible. The activity of the ANS in the rats 
was measured in an unconstrained manner after they had fed 
on the experimental pellets. This study is one of the few animal 
studies on the effects of essential nutrients on ANS activity.15 
Regarding the short observation period, confirmed as shown in 
Figure 2d, the LF/HF, an indicator of sympathetic nervous 
system activity, significantly increased with fat-rich pellets at 5 
and 6 hours after ingestion. In our study the effects of the 
nutrients on the ANS were evaluated for 2 days in the control 
and experimental periods, which was deemed sufficient for 

Figure 1. Carbohydrate and fat intake effects on heart rate (HR) and HR variability parameters: 12-h-average analysis.
(a) The HRs of the rats in the standard-diet period are not significantly different from those in the experimental period during the dark or light periods. However, the HRs 
are significantly higher during the dark period than during the light period on days one and two for all types of diet (P < .01).
(b) The high frequency (HF) power is significantly higher in the carb-diet period than in the standard-diet period during the dark period on day one (P < .05) but not 
significantly different between the dark and light periods in all diet periods.
(c) The low frequency (lF) power is not significantly different between the standard- and experimental-diet periods and between the dark and light periods.
(d) The lF/HF ratio is significantly higher in the fat-diet period than in the standard-diet period during the dark period on day one (P < .05).
The HR and HRV parameters (HF, lF, lF/HF) are averaged for 2 days before starting the experimental diets. The HR and HRV parameters (HF, lF, lF/HF) during 
12 hours of darkness and 12 hours of light on day one and day two are presented here.
Carb: carbohydrate, lF/HF: ratio of lF to HF, *P < .05, **P < .01
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nutrient digestion and absorption. Thereafter, the ANS param-
eters of the rats fed a diet rich in carbohydrates or fats were 
compared with those of the rats when fed a standard diet, not 
before the diet was provided. Only Lima–Silva et al reported a 
study9 comparing HRV after consumption of different amounts 
of carbohydrates. According to their study, a controlled-carbo-
hydrate diet resulted in higher parasympathetic and lower sym-
pathetic HRV scores than the corresponding scores after 
providing a low-carbohydrate diet. A recent study stated that 
the postprandial elevation of the blood glucose level was asso-
ciated with worsening HRV according to blood insulin con-
centrations after single glucose ingestion.29 This may explain 
the postprandial ANS change of lower parasympathetic and 
higher sympathetic HRV after carbohydrate ingestion com-
pared with that in the pre-prandial state, as argued by the most 
previous studies mentioned above.9,15,17-25 Although the effects 
of carbohydrates on the ANS have not been determined,4 it has 
been reported that carbohydrates are required to maintain psy-
chological stability through increased intracerebral serotonin 
levels.30 Additionally, the report by He et al. was not directly 
related to the carbohydrate effect on the ANS, but diets con-
taining limited amounts of carbohydrates have been reported 
to increase senescence in rats and decrease survival via the 
deranged Enterobacteria.31 These studies may suggest that 
ingesting adequate amounts of carbohydrates may have benefi-
cial effects on overall health and survival, including a balanced 
ANS state. In addition, Lutfi and Elhakeem reported that a 
rise of blood glucose concentration was proportional to higher 
parasympathetic and lower sympathetic ANS activity using 

HRV in patients with fasting blood glucose less than diabetic 
range,32 strongly supporting our results of mildly elevated car-
bohydrate composition (64%) favorable for ANS different 
from the most previous studies with high glucose composition 
of 73% to 95%.9,17,24 In our study, the standard pellet contained 
55% of carbohydrate. However, excessive glucose among the 
carbohydrates was harmful for HRV,33,34 meaning that the 
influence of carbohydrates on HRV may be determined based 
on the glucose composition, carbohydrate volume, and other 
factors. Further studies are needed to confirm our results.

Regarding fats, Rono35 reported an animal study with a 
sufficient observation period, comparing pellets including 3 
types of fat oil. According to this study, the effect of fats on 
HRV varied by fat type; specifically, the best results on HRV 
were observed with sunflower oil and the worst with palm oil, 
essentially depending on the saturated fat content (10.4 g/100 
g pellet in sunflower oil, and 19.3 g/100 g pellet in palm oil). 
In our study, the experimental fat pellets (HFD-60) con-
tained 14.1 g of saturated fat per 100 g pellet by our calcula-
tion, while our standard pellet contained only 5 g of fat. These 
2 studies demonstrate that food containing more saturated fat 
may aggravate HRV, leading to activation of the sympathetic 
nervous system, implying that the fat effect on the sympa-
thetic nervous system may vary based on fat composition. The 
effects of fats on sympathetic activation with behavioral 
aggressiveness were reportedly altered based on the fat 
composition.36

The feeding behavior of rats is different from that of 
humans, as rats feed several times during the dark period.37,38 

Figure 2. Effects of intake of carbohydrates and fats on heart rate (HR) and HR variability parameters: 1-hour-average analysis.
(a) The HR is not significantly different among the standard and experimental diets.
(b) The high frequency (HF) power has a higher tendency in the carb-diet period than in the standard-diet period during the dark period but is not significantly different 
between any of the experimental- and standard-diet periods.
(c) The low frequency (lF) power is significantly higher between 00:00 and 01:00 and between 04:00 and 05:00 in the fat-diet period than in the standard-diet period 
(P < .05).
(d) The lF/HF ratio is significantly higher between 23:00 and 01:00 in the fat-diet period than in the standard-diet period (P < .05).
Carb: carbohydrate, lF/HF: ratio of lF to HF, *P < .05
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Rats are typically active during dark periods and respond to 
external light.39 In this study, the HRs were higher during the 
dark period than during the light period in all diet periods, 
while the LF/HF ratio, which represents sympathetic activity, 
was higher during the dark period than during the light period 
for most of the control and experimental periods. These results 
are consistent with the diurnal changes in the ANS in rats.16 
The HF was not significantly different between the dark and 
light periods, probably because the rats could not sufficiently 
rest owing to the presence of human activities, such as feeding 
or cleaning of the cages during the light periods. 

In this study, the rats were provided experimental pellets 
before the beginning of the dark period on day one. The stand-
ard, carbohydrate-rich, or fat-rich pellets were provided ad libi-
tum to detect the maximum effect of the pellets. Our intention 
was not to conduct a direct quantitative comparison of the 
effects of the 2 major nutrients on ANS activity. Instead, our 
focus was on qualitative assessment, evaluating how each nutri-
ent affects sympathetic or parasympathetic activity compared 
with the standard pellets.

Limitations of the Study
First, the baseline HRV values varied among the rats. This may 
be attributed to differences in operative stress that arose when 
the electrical leads, telemetric transmitter, and battery were 
implanted or because of natural differences. There was a 
1-week recovery period between lead implantation and the 
study period to reduce the effects of implantation. However, all 
rats showed similar functional changes in ANS activity after 
feeding on the experimental pellets, although the extent of 
changes differed. Second, the changes in the ANS were less 
pronounced on day two than on day one. Rats tend to be cau-
tious regarding new foods,40 which may have resulted in 
search-eating behaviors. Rats also tend to eat less when they 
are provided a preferred food in a previous eating period.38 
After ingesting the carbohydrate-rich pellets, the parasympa-
thetic activity increased, indicating that the rats were satisfied 
with this diet. Therefore, the rats may have ingested more car-
bohydrate-rich pellets on day 1 than on day two. This pre-
sumption should have been confirmed by measuring daily 
consumption of the pellets. Third, it has been reported that 
glucose level is changed after ingesting high-fat diet.41 
However, this study could not evaluate the autonomic changes 
through altered glucose metabolism caused by high-fat diet. 
Further studies in various fat types will be necessary in this 
context.

Conclusion
In rats, an appropriate carbohydrate-rich diet increased para-
sympathetic activity and a fat-rich diet increased sympathetic 
activity in a short-time observation period of 2 days. Further 
experimental and clinical studies are required in the future to 
validate our findings, especially with changing macronutrient’s 

subtypes and volume. Interestingly, the results revealed a link 
between macronutrients and ANS activity, offering insights 
into the physiological impact of dietary habits, such as reported 
serotonin secretion stimulated by carbohydrates leading to psy-
chological stability, and aggressiveness induced by sympathetic 
accentuation, possibly related to fat consumption as mentioned 
before. These insights can guide the studies specific for each 
nutrient and adequate observation periods to shape future die-
tary recommendations.

Abbreviations
ANS, autonomic nervous system
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HRV, heart rate variability
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