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Abstract

In healthy humans, fructose-sweetened water consumption increases blood pressure variability (BPV) and decreases spontane-
ous cardiovagal baroreflex sensitivity (cBRS) and heart rate variability (HRV). However, whether consuming commercially avail-
able soft drinks containing high levels of fructose elicits similar responses is unknown. We hypothesized that high-fructose corn
syrup (HFCS)-sweetened soft drink consumption increases BPV and decreases cBRS and HRV to a greater extent compared
with artificially sweetened (diet) and sucrose-sweetened (sucrose) soft drinks and water. Twelve subjects completed four
randomized, double-blinded trials in which they drank 500 mL of water or commercially available soft drinks matched for taste
and caffeine content. We continuously measured beat-to-beat blood pressure (photoplethysmography) and R-R interval (ECG)
before and 30 min after drink consumption during supine rest for 5min during spontaneous and paced breathing. BPV was eval-
uated using standard deviation (SD), average real variability (ARV), and successive variation (SV) methods for systolic and dia-
stolic blood pressure. cBRS was assessed using the sequence method. HRV was evaluated using the root mean square of
successive differences (RMSSD) in R-R interval. There were no differences between conditions in the magnitude of change from
baseline in SD, ARV, and SV (P > 0.07). There were greater reductions in cBRS during spontaneous breathing in the HFCS
(—3+5ms/mmHg) and sucrose (—3+5 ms/mmHg) trials compared with the water trial (+1+5 ms/mmHg, P < 0.03). During paced
breathing, HFCS evoked greater reductions in RMSSD compared with water (—26+34 vs. +2+26ms, P < 0.01). These findings

suggest that sugar-sweetened soft drink consumption alters cBRS and HRV but not BPV.

blood pressure; blood pressure variability; fructose; parasympathetic activity; soda

INTRODUCTION

Long-term, daily consumption of sugar-sweetened soft
drinks is associated with an increased risk of cardiometa-
bolic diseases, stroke, and chronic kidney disease (1-3). To
date, however, few laboratory-controlled studies have exam-
ined the acute cardiovascular response to sugar-sweetened
soft drink consumption. Thus, it is unclear if the epidemio-
logical data indicating increased health risks are directly
caused by sugar-sweetened soft drinks or if their consump-
tion is reflective of a combination of other factors that reduce
overall health (e.g., increased caloric intake, environmental/
socioeconomic factors).

Cardiovascular risk profile can be assessed using calcula-
tions of blood pressure variability, cardiovagal baroreflex sen-
sitivity, and heart rate variability. Blood pressure variability is
an index of the fluctuations in successive blood pressure
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measurements and can be calculated in laboratory-controlled
studies using beat-to-beat measures of blood pressure (e.g.,
finger photoplethysmography) or in the clinic on a within- or
between-day basis (4). Elevations in blood pressure variability
are associated with cardiovascular and kidney damage (4),
hypertension (5), and increased cardiovascular mortality (6,
7). In addition, blood pressure variability can be influenced by
changes in cardiovagal baroreflex sensitivity (8). Decreases in
cardiovagal baroreflex sensitivity may increase blood pressure
variability (9) and are associated with other deleterious health
outcomes (10). Some cardiovagal baroreflex sensitivity techni-
ques assess the reflex control of heart rate in response to phar-
macologically stimulated changes in blood pressure, or it can
be calculated from beat-to-beat measures of systolic blood
pressure and R-R interval (i.e., spontaneous cardiovagal bar-
oreflex sensitivity) (11). Autonomic cardiac control can
be quantified using heart rate variability techniques (12).
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Reductions in heart rate variability, which are indicative
of a lower relative cardiac parasympathetic activity, are
associated with increased cardiovascular events and mor-
tality in some populations, including those with cardiovas-
cular disease (13, 14).

The composition of sugar-sweetened soft drinks, which
commonly are caffeinated and sweetened with high-fructose
corn syrup (HFCS), may present several variable physiologi-
cal challenges that increase cardiovascular risk due to the
high beverage osmolality and the fructose and caffeine con-
tent. For instance, the act of drinking a bolus of fluid may
modify these processes, as consuming an ~500-mL bolus of
water has been reported to increase spontaneous cardiovagal
baroreflex sensitivity and heart rate variability (15). In con-
trast, there is evidence that consuming a 500-mL bolus of
fructose-sweetened water increases blood pressure variabili-
ty and decreases cardiovagal baroreflex sensitivity and heart
rate variability in healthy adults (16). Sugar-sweetened soft
drinks are also commonly caffeinated with contents ranging
between 0 and 80mg of caffeine per 500-mL serving (17).
Caffeine elicits variable cardiovascular effects that are modi-
fied by several factors including dose, an individual’s sensi-
tivity to caffeine, habituation of the consumer, and health
status (18). Although sugar-sweetened soft drinks have a
high beverage osmolality (19), we have previously observed
modest increases in plasma osmolality of ~2 mosmol/kg
within 30 min of consuming HFCS-sweetened (beverage os-
molality of ~850 mosmol/kg) and sucrose-sweetened (bever-
age osmolality of ~730 mosmol/kg) soft drinks (19). Similar
increases in plasma osmolality (~3 mosmol/kg) induced by
hypertonic saline have not demonstrated alterations in
spontaneous cardiovagal baroreflex sensitivity or heart rate
variability (20). We have found that copeptin, a surrogate
marker of vasopressin, increases following acute HFCS-
sweetened soft drink consumption (19). However, it also
does not appear that vasopressin explains the reduction in
spontaneous cardiovagal baroreflex sensitivity following
fructose-sweetened drinks because vasopressin sensitizes
the arterial baroreceptors (21).

In a recent study (19), we observed that consuming a 500-
mL bolus of a HFCS-sweetened soft drink increased both rest-
ing and sympathetically mediated increases in vascular resist-
ance in the kidneys, which occurred alongside increases in
circulating uric acid and copeptin. These findings were inde-
pendent of caffeine content because all of the experimental
beverages had the same caffeine content and were independ-
ent of increases in plasma osmolality, as both the HFCS- and
sucrose-sweetened soft drinks elicited an ~2 mosmol/kg
increase in plasma osmolality. These responses to the HFCS-
sweetened soft drink (19) and the previously mentioned phys-
iological responses that occur to the various ingredients in
sugar-sweetened soft drinks (15, 16, 18, 21, 22) suggest that
sugar-sweetened soft drinks may alter cardiovascular control.
With this background, the aim of this study was to examine
how sugar-sweetened soft drinks, specifically those that are
caffeinated and sweetened with HFCS, may impact blood
pressure variability, cardiovagal baroreflex sensitivity, and
heart rate variability. We collected beat-to-beat cardiovascular
measurements during our previous work (19) to address this
secondary aim. As such, we tested the hypotheses that HFCS-
sweetened soft drink consumption increases blood pressure
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variability and decreases spontaneous cardiovagal baroreflex
sensitivity and heart rate variability compared with artificially
and sucrose-sweetened soft drinks and water.

METHODS

The experimental protocol and data presented herein are
secondary outcomes of study 2 from our previous publica-
tion (19).

Subjects

In this study, 12 healthy, nonobese adults (10 males and 2
females) who reported to be casual consumers of soft drinks
(weekly consumed soft drink volume: 346 +481 mL) com-
pleted the study. Subject characteristics were as follows: age:
24 = 4yr, height: 177 + 8 cm, weight: 76 + 9 kg, and body mass
index: 24.1+3.1kg/m?. Subjects were not caffeine naive and
consumed 5174 mg of caffeine per day based on dietary
food logs. After being fully informed of the experimental
procedures and possible risks associated with the study, sub-
jects provided written consent. Subjects self-reported to be
nonsmokers and physically active. In addition, subjects self-
reported to be free from any known cardiovascular, meta-
bolic, kidney, or neurological diseases. Female subjects self-
reported to be normally menstruating and not using hormo-
nal contraceptives. A urine pregnancy test was used before
every visit to confirm that females were not pregnant. In
addition, female subjects were tested in the first 10 days fol-
lowing menstruation. Subjects provided written consent af-
ter being fully informed of all procedures and risks
associated with the study. This study was approved by the
Institutional Review Board at the University at Buffalo and
performed in accordance with the standards set by the latest
revision of the Declaration of Helsinki, except for registra-
tion in a database.

Instrumentation and Measurements

Nude body weight and height were measured using a stadi-
ometer and scale (Sartorius, Bohemia, NY). Duplicate meas-
urements of urine specific gravity were used to confirm
hydration status with a refractometer (Atago, Bellevue, WA) at
the beginning of each study visit. Twenty-four-hour food and
beverage logs were collected and analyzed using online soft-
ware (myfitnesspal, Under Armour, Baltimore, MD), and we
reported no differences in diet and fluid intake across the
study (19). Heart rate was continually measured using a 3-lead
ECG (DA100C, Biopac Systems, Goleta, CA). Changes in beat-
to-beat blood pressure over time were measured via the Penaz
method (Finometer Pro, FMS, Amsterdam, The Netherlands).
Blood pressure obtained from the Finometer was calibrated to
brachial artery blood pressure using the return-to-flow tech-
nique with an upper arm cuff (23). Heart rate and blood pres-
sure data were sampled at 1,000 Hz using a data acquisition
system (Biopac MP150, Goleta, CA). Plasma osmolality was
measured in duplicate via freezing point depression (model
3250, Advanced Instruments, Norwood, MA). Sodium, potas-
sium, chloride, and uric acid in the serum were measured via
standard clinical techniques by Kaleida Health, Department
of Pathology and Laboratory Medicine (Williamsville, NY). A
commercially available fructose ELISA kit (LifeSpan
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BioSciences, Seattle, WA) was used to measure serum fruc-
tose. Serum copeptin was measured using a human copeptin
ELISA kit (LifeSpan Biosciences).

Experimental Protocol

Subjects completed four randomized, double-blinded,
crossover experimental trials. Subjects completed a control
trial consisting of consuming filtered tap water (water trial)
and three soft drink trials that were matched for taste and caf-
feine content but differed based on the type of sweetener
used: an artificial sweetener [Diet Mountain Dew, PepsiCo,
Purchase, NY (diet trial)], sucrose [Mountain Dew Throwback,
PepsiCo, Purchase, NY (sucrose trial)], or HFCS [Mountain
Dew, PepsiCo, Purchase, NY (HFCS trial)]. The soft drinks
were decarbonated for 48 h to eliminate the acoustic shadow-
ing of the renal vasculature in our previous study (19), which
interfered with our ability to obtain Doppler ultrasound meas-
urements of renal hemodynamics if the drinks were carbo-
nated. This study was designed to provide direct insights into
the cardiovascular response to soft drinks by specifically
using the same commercially available soft drink sweetened
by various ingredients that might impact cardiovascular func-
tion. A previous study reported that the HFCS-sweetened soft
drink contains ~60% fructose and ~40% glucose (24). The
HFCS- and sucrose-sweetened soft drinks were matched for
taste, caffeine content, and total calories, and both beverages
had high osmolality (19). Thus, the relatively higher fructose
content of the HFCS-sweetened soft drink allowed us to iso-
late the effects of increasing the fructose content of the soft
drink versus the sucrose-sweetened soft drink, which was
composed of 50% glucose and 50% fructose. Details of the ex-
perimental drinks are presented in Table 1.

Subjects arrived at the laboratory at the same time of day
for each of their four study visits. They reported to the labora-
tory with instructions to abstain from exercise, caffeine, and
alcohol for 12 h and food for 3 h. Subjects kept a food and bev-
erage log for the 24 h preceding each experimental visit and
were instructed to keep dietary practices the same before
each visit. Upon arrival to the laboratory, subjects completely
voided their bladder into a collection urinal. After confirming
a euhydrated status via urine specific gravity of <1.020 (25),
subjects drank 250 mL of water to maintain urine production
over the following 60 min for our previous study (19). Subjects
were then instrumented and rested in the supine position for
20 min. Following the supine rest period, beat-to-beat

Table 1. Properties of soft drinks

Diet Sucrose HFCS
Osmolality, mosmol/kg
Fresh 69 (4) 741(3) 861(2)
24-h decarbonated 61(2) 738 (3) 850 (2)
48-h decarbonated 59 (2) 730 (2) 846 (2)
Total energy, kcal 5 240 240
Sugar, g <1 62 65
Sodium, mg 70 92 85
Caffeine, mg 76 76 77

Data are presented as mean (SD). Soft drinks were matched for caf-
feine content and taste and were either artificially sweetened (Diet, diet
Mountain Dew), sucrose-sweetened (Sucrose, Mountain Dew Throw-
back), or sweetened with high-fructose corn syrup (HFCS, regular
Mountain Dew). Drink values per 500 mL. Data from Chapman et al. (12).
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measures of heart rate and blood pressure were obtained for
8 min during spontaneous breathing. Then, 8 min of data
were obtained during paced breathing at a breathing fre-
quency of 15 breaths/min in concert with a metronome (26).
Paced breathing was used as an additional control due to the
modulatory influence of respiratory rate on the high-fre-
quency component of heart rate variability, and therefore, its
use allowed for examination of parasympathetic modulation
of heart rate independent of respiration (27). After completing
the paced breathing segment, subjects voided their bladder in
a collection urinal. Then, subjects consumed 500 mL of the
experimental beverage within 5min. After 20 min of quiet
rest, subjects repeated the spontaneous and paced breathing
protocols. Venous blood samples were obtained before and
30 min after drink consumption and stored at —80°C for anal-
ysis that occurred within 2 mo of collection (19).

Data Analyses

Data were analyzed from beat-to-beat recordings over the
final 5min of each 8-min period of spontaneous and paced
breathing. This approach was specifically utilized to allow sub-
jects 3min to get accustomed to the breathing protocol in an
effort to reduce artifacts during the final 5-min recording period.
Five-minute recordings are the recommended duration in which
to obtain measures of short-term heart rate variability (12).

Blood pressure variability.

Blood pressure variability was measured using beat-to-beat
techniques due to its association with cardiovascular and kid-
ney damage (4), and several parameters were calculated using
offline software (AcqKnowledge 4.2, Biopac Systems, Inc.,
Goleta, CA). Blood pressure variability was assessed using sev-
eral calculations for systolic and diastolic blood pressure. The
standard deviation was calculated to quantify the overall vari-
ation of each 5-min period during spontaneous and paced
breathing (28). In addition, blood pressure variability was
measured using average real variability and successive varia-
tion, which account for the variation between each beat-to-
beat measure of blood pressure (29). Moreover, it has been
suggested that average real variability and successive varia-
tion better reflect variability over time compared with stand-
ard deviation-based assessments (30). Average real variability
encompasses the average absolute difference between consec-
utive measurements (30), where successive variation is calcu-
lated as the average squared difference between consecutive
measurements (31). Blood pressure waveforms were visually
inspected before analysis and were excluded if any artifact (i.
e., noise in the blood pressure waveform) was detected.
Acceptable blood pressure waveforms were obtained for data
analysis in the water (n = 10), diet (n = 11), sucrose (n = 11), and
HFCS (n = 12) trials during spontaneous and paced breathing.

Spontaneous cardiovagal baroreflex sensitivity.

Spontaneous cardiovagal baroreflex sensitivity was calcu-
lated with offline software (WinCPRS, Absolute Aliens Oy,
Turku, Finland) using the sequence method of the beat-to-
beat time series of systolic blood pressure and R-R interval
(32). The sequence method was utilized to assess arterial bar-
oreflex sensitivity at resting values of arterial blood pressure
and R-R interval (i.e., the gain around the operating point) in
response to consuming the experimental beverages (33). This
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technique does not generate a full stimulus-response curve of
the arterial baroreflex, such as with the modified Oxford tech-
nique (34), but is reflective of the control of blood pressure at
rest (11). Sequences of at least four consecutive cardiac cycles
in which directional changes in systolic blood pressure and R-
R interval were the same (i.e., consecutive up or down sequen-
ces) were identified as baroreflex sequences. Parameters were
set to detect sequences when changes in systolic blood pres-
sure were >1mmHg and the variation in R-R interval was
>5ms (35). Linear regression analyses were applied to each
potential sequence and the R? value was calculated.
Acceptable baroreflex sequences were determined when
R? > 0.85 (26, 33). The number of included sequences was >3
for either up or down baroreflex sequences (35). Spontaneous
cardiovagal baroreflex sensitivity was determined for up
(increases in systolic blood pressure and R-R interval) and
down (decreases in systolic blood pressure and R-R interval)
sequences. Overall spontaneous cardiovagal baroreflex sensi-
tivity was calculated as the average of spontaneous cardiova-
gal baroreflex sensitivity for up and down sequences only for
those up or down sequences that were >3 for a given collec-
tion period, as described earlier (36). Sequence method-based
calculations of spontaneous cardiovagal baroreflex sensitivity
have moderate between-day reliability in healthy adults (37).
Based on these defined criteria, 10 of the 12 subjects had
adequate baroreflex sequences during all conditions.

Heart rate variability.

R-R intervals from the continuous ECG recordings were visu-
ally inspected for ectopic beats and analyzed using offline soft-
ware (WinCPRS) to provide insight into autonomic cardiac
function. Heart rate variability was assessed using time and
frequency domain methods as described in detail elsewhere
(12). Time domain analyses were performed using the standard
deviation of R-R intervals (SDNN) to provide an estimate of
overall heart rate variability and the square root of the mean
squared differences between consecutive R-R intervals
(RMSSD) to provide insight into cardiac parasympathetic activ-
ity (12). Power spectral density analysis was achieved by using
Fast Fourier transformations to allow analysis of the high-fre-
quency (0.15-0.4Hz, HF) and low-frequency (0.04-0.15Hz,
LF) power components. Similar to RMSSD, the HF component
provides insights into cardiac parasympathetic activity. The
physiological interpretation of the LF component is less clear
and is controversial (38), as it reflects both cardiac sympathetic
and parasympathetic activity (12, 27). Thus, for transparency,
we have reported the LF component data without interpreta-
tion (12). Acceptable ECG recordings for heart rate variability
analyses were obtained in the water (n = 11), diet (n = 12), su-
crose (n = 11), and HFCS (n = 12) trials during spontaneous
breathing. During paced breathing, acceptable ECG recordings
were obtained in the water (n = 12), diet (n = 12), sucrose (n =
10), and HFCS (n = 11) trials.

Statistical Analyses

Statistical analyses were performed using Prism software v.
8.4.3 (GraphPad Software, LLC, La Jolla, CA). Pre-drink con-
sumption values were analyzed using one-way repeated-meas-
ures ANOVA for spontaneous breathing and paced breathing
controls. Because of the variation in some of the pre-drink
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consumption parameters at baseline, which was likely reflec-
tive of the inherent day-to-day variability of these measures,
the effects of the experimental beverages were analyzed as the
magnitude of change (A) from baseline using a mixed-effects
model to account for the variation at baseline and missing val-
ues (described in Data Analyses). In all instances, when an
ANOVA or mixed-effects model revealed a significant F value,
post hoc Sidak test pairwise comparisons were made. Pearson
correlations were used to assess the relation between overall
spontaneous cardiovagal baroreflex sensitivity and indices of
heart rate variability reflective of vagal tone (i.e., R-R interval,
SDNN, RMSSD, and HF) during paced breathing (i.e., inde-
pendent of respiratory rate). Statistical significance was set a
priori at P < 0.05, and actual P values are reported where possi-
ble. There were no previous studies that had examined the
acute effect of soft drink consumption on renal hemodynamics
(our primary end point in Ref. 12) or spontaneous indices of
cardiovascular control for this study. Thus, we were unable to
perform an a priori power analysis. All data except correlations
are reported as means * SD. Correlations are reported as 7, 95%
confidence interval, and P value.

RESULTS

Blood Pressure Variability

Spontaneous breathing.

There were several modest but statistically significant base-
line differences at pre-drink consumption, including a larger
standard deviation (systolic and diastolic) in diet compared
with water (Table 2). In addition, HFCS had a smaller stand-
ard deviation (diastolic only) compared with diet (P < 0.03)
and smaller average real variability (systolic only) and suc-
cessive variation (systolic only) compared with sucrose (P <
0.02, Table 2). There were no additional differences at pre-
drink consumption. Diet induced greater reductions in
standard deviation (systolic only) compared with water (P <
0.05, Table 3). HFCS elicited greater increases in successive
variation (systolic only) compared with diet (P < 0.02, Table
3). There were no additional differences in the change in
blood pressure variability parameters between conditions
during spontaneous breathing (Table 3).

Paced breathing.

There were no differences at pre-drink consumption or in
the magnitude of change following at post-drink consump-
tion between conditions for any index of blood pressure vari-
ability during paced breathing (Tables 2 and 4).

Spontaneous Cardiovagal Baroreflex Sensitivity

Spontaneous breathing.

There were no baseline differences at pre-drink consumption
in spontaneous cardiovagal baroreflex sensitivity (Table 5).
HFCS and sucrose consumption elicited greater reductions in
spontaneous cardiovagal baroreflex sensitivity during up and
overall sequences compared with water (P < 0.03, Fig. 1, A and
E). In addition, HFCS elicited greater reductions in spontane-
ous cardiovagal baroreflex sensitivity during down sequences
compared with water (P = 0.02, Fig. 1B) and sucrose elicited
greater reductions in spontaneous cardiovagal baroreflex sen-
sitivity during overall sequences compared with water and diet
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Table 2. Blood pressure variability pre-drink consumption values

Spontaneous Breathing

Paced Breathing

Water Diet Sucrose HFCS P Value Water Diet Sucrose HFCS P Value
Blood pressure, mmHg
SBP 120+10 123+10 1M9+12 19+9 0.72 1M9+1 123+10 N7+£12 120+8 0.49
DBP 7017 69+5 67+6 66+5 0.15 68+7 69+5 66+6 66+5 0.38
Blood pressure variability
Standard deviation, mmHg
SBP + 6+2% 6+2 5+2 0.048 5+2 5+1 6+2 017
DBP 341 441 341 3+1° 0.001 441 341 341 0.25
Average real variability, mmHg
SBP 1.8+04 2.0+05 2.0+05 8+0.4 0.23 21+06 21+06 21+04 22105 0.18
DBP 14+04 1505 15+05 14104 0.74 5+05 14+05 15105 14+04 0.61
Successive variation, mmHg
SBP 23+04 24+06 25+06 22+05° 0.08 26+0.7 25+06 25104 26+05 0.25
DBP 1.8+06 19+06 19+0.6 17+05 0.43 19+0.6 18+0.6 18+0.6 1.7+0.5 0.57

Data are presented as absolute values and means * SD; n

12 (10 M, 2 F). Comparisons between conditions within Spontaneous

Breathing or Paced Breathing were made using separate one-way ANOVA with post hoc Sidak’s test pairwise comparisons. P value col-

umns are main effect of drink. VDifferent from Water (P < 0.05); °di

fferent from Diet (P = 0.03); Sdifferent from Sucrose (P < 0.01). DBP,

diastolic blood pressure; HFCS, high-fructose corn syrup; SBP, systolic blood pressure.

(P = 0.01, Fig. 1E). HFCS elicited greater reductions in sponta-
neous cardiovagal baroreflex sensitivity during down sequen-
ces compared with diet (P = 0.0573, Fig. 1E).

Paced breathing.

There were no baseline differences at pre-drink consumption in
spontaneous cardiovagal baroreflex sensitivity (Table 5). HFCS
induced greater reductions in spontaneous cardiovagal barore-
flex sensitivity during up, down, and overall sequences com-
pared with water (P < 0.04, Fig. 1, B, D and F). In addition,
sucrose elicited greater reductions in spontaneous cardiovagal
baroreflex sensitivity compared with diet and water during
down sequences (P < 0.04, Fig. 1D) and compared with diet dur-
ing overall sequences (P = 0.04, Fig. 1F). HFCS elicited greater
reductions in spontaneous cardiovagal baroreflex sensitivity dur-
ing overall sequences compared with diet (P = 0.0581, Fig. 1F).

Heart Rate Variability

Spontaneous breathing.

There were no baseline differences at pre-drink consump-
tion between conditions for heart rate, R-R interval, and all
measures of heart rate variability (Table 5). Heart rate

increased and R-R interval decreased in HFCS and sucrose
compared with water and diet (P < 0.02, Fig. 2, A and C). In
addition, the magnitude of change from pre-drink consump-
tion did not differ between conditions for measures of heart
rate variability (P > 0.07, Fig. 3, A, C, E, and G).

Paced breathing.

There were no baseline differences at pre-drink consumption
between conditions for heart rate, R-R interval, and all meas-
ures of heart rate variability (Table 5). Heart rate increased and
R-R interval decreased in HFCS compared with water (P <
0.02, Fig. 2, B and D). There were no other differences in the
change in heart rate and R-R interval between conditions (P >
0.07, Fig. 2). HFCS evoked greater reductions in RMSSD com-
pared with water (P < 0.01, Fig. 3D). There were no differences
in the magnitude of change from baseline between conditions
in SDNN, HF, and LF (P > 0.09, Fig. 3, B, F, and H).

Correlations

Statistically significant relations were found between
overall cardiovagal baroreflex sensitivity and indices of heart
rate variability that are reflective of vagal tone: R-R interval

Table 3. Change in blood pressure and blood pressure variability following drink consumption during spontaneous

breathing
Water Diet Sucrose HFCS Main Effect of Drink
Blood pressure mmHg
SBP 6+9 5+9 4+£13 6t5 0.87
DBP 2+7 7+5 416 5+5 0.27
Blood pressure variability
Standard deviation, mmHg
SBP - —24+2% - 0+2 0.030
DBP + —1£1 0+1 0.021
Average real variability, mmHg
SBP —0.1£041 —0.2+0.3 —-0.1£0.3 0.1+0.3 0.037
DBP —0.1£0.3 —-0.1+£04 0.1+0.4 —-0.1£0.3 0.45
Successive variation, mmHg
SBP —-0.2+0.2 —-0.2+0.3 —0.2+04 0.1+0.3° 0.030
DBP —0.1£0.3 —0.2+0.4 0.9+0.5 0.0£0.3 0.38

Data are presented as the change (A) from pre-drink consumption as means + SD; n = 10 (8 M, 2 F). Comparisons between conditions
were made using mixed-effects model with post hoc Sidak’s test pairwise comparisons. VDifferent from Water (P < 0.05); Pdifferent from
Diet (P < 0.02). DBP, diastolic blood pressure; HFCS, high-fructose corn syrup; SBP, systolic blood pressure.
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Table 4. Change in blood pressure and blood pressure variability following drink consumption during paced

breathing
Water Diet Sucrose HFCS Main Effect of Drink
Blood pressure, mmHg
SBP 4+9 1+8 51 4+4 0.57
DBP 17 6 3+7 4+5 0.64
Blood pressure variability
Standard deviation, mmHg
SBP 01 — 01 01 0.33
DBP 01 0.35
Average real variability, mmHg
SBP 0.0+0.3 0.0+0.5 0.2+05 0.1+£0.5 0.47
DBP —-0.5+0.3 0.0£0.6 0.1+0.6 0.0£0.3 0.69
Successive variation, mmHg
SBP 0.0£0.3 0.0£0.6 0.2+0.5 0.1+0.5 0.39
DBP —-0.1+0.3 —-0.1+£0.7 0.2+0.6 0.1+£0.3 0.46

Data are presented as the change (A) from pre-drink consumption as means + SD; n = 10 (8 M, 2 F). Comparisons between conditions
were made using mixed-effects model. DBP, diastolic blood pressure; HFCS, high-fructose corn syrup; SBP, systolic blood pressure.

(r=0.38 [0.05, 0.63], P = 0.03), SDNN (r=0.67 [0.44-0.81],
P < 0.01), RMSSD (r=0.76 [0.59-0.87], P < 0.01), and HF
(r=0.61[0.36-0.78], P < 0.01).

Blood Parameters

At pre-drink consumption, serum copeptin was elevated in
HFCS compared with diet (P = 0.02) and lower in diet com-
pared with water (P < 0.01, Table 6). There were no other dif-
ferences in pre-drink consumption blood parameters revealed
by post hoc tests (Table 6). There were no differences in the
magnitude of change between drinks at post-drink consump-
tion in sodium, potassium, chloride, and copeptin (Table 6). At
post-drink consumption, there were greater increases in blood
glucose and fructose in HFCS and sucrose compared with diet
and water (P < 0.05, Table 6). There were no differences
between HFCS and sucrose in blood glucose (P = 0.97), but
there were larger increases in blood fructose in the HFCS trial
compared with the sucrose trial (P = 0.04, Table 6). In addition,
plasma osmolality was elevated in HFCS compared with diet
(P = 0.03) and in sucrose compared with water and diet (P <
0.04, Table 6). There were no differences in plasma osmolality
between HFCS and sucrose (P = 0.99, Table 6). Serum uric acid
was elevated at post-drink consumption in HFCS compared
with water and diet (P < 0.04), but there were no differences
between HFCS and sucrose (P = 0.26, Table 6)

DISCUSSION

In support of our hypothesis, HFCS-sweetened soft drink
consumption decreased spontaneous cardiovagal baroreflex
sensitivity within 30 min in healthy, young adults. Reductions
in spontaneous cardiovagal baroreflex sensitivity also occurred
in the sucrose trial and were not different from HFCS. In addi-
tion, we observed greater reductions in the parasympathetic
modulation of heart rate with HFCS-sweetened soft drink con-
sumption. Contrary to our hypothesis, we did not find that
HFCS-sweetened soft drink consumption increased blood pres-
sure variability.

We hypothesized that spontaneous cardiovagal baroreflex
sensitivity would be decreased to a greater extent with
HFCS-soft drink consumption compared with water based
on the work of Brown et al. (16), who observed reductions in
spontaneous cardiovagal baroreflex sensitivity following
fructose-sweetened water consumption. In this study, we
found that consuming both the HFCS- and sucrose-sweet-
ened soft drinks reduced spontaneous cardiovagal baroreflex
sensitivity during up and overall sequences compared with
water. These findings suggest that the presence of sugar in
soft drinks decreases spontaneous cardiovagal baroreflex
sensitivity. Our observations of greater reductions in sponta-
neous cardiovagal baroreflex sensitivity in the HFCS and

Table 5. Spontaneous cardiovagal baroreflex sensitivity and heart rate variability pre-drink consumption values

Spontaneous Breathing Paced Breathing

Water Diet Sucrose HFCS P Value Water Diet Sucrose HFCS P Value

Heart rate, beats/min 56+7 58+8 58+7 59+9 0.26 59+9 60+8 58+8 62+11 0.22
R-R interval ms 1,092+153  1,059+147 1,063+143  1,047+155 0.34 1,043%160 1,026+142  1,055+162 1,001+£170 0.26
Spontaneous baroreflex sensitivity

Up, ms/mmHg 27+10 28+13 27+10 26+10 0.60 25+12 23+9 20+7 22+ 0.04

Down, ms/mmHg 24+8 22+7 24+8 24+M 0.54 23+10 21+9 22+9 20+9 0.32

Overall, ms/mmHg 25+9 25+10 25+9 25+10 0.96 24+10 22+9 21+8 21+10 0.17
Heart rate variability

SDNN, ms 82+31 82+31 81+30 79+35 0.90 80+34 80+30 77+28 79+35 0.95

RMSSD, ms 83143 79+41 76 £40 79+44 0.42 82149 81+47 73+33 75+50 0.12

HF, ms? 1,803+1375 1,468+1,408 1,579+1399 148841275 0.49 2,202+2,394 2,030+2,005 1,181+866 1,846+2,024 0.14

LF, ms? 2,170+2,010 2,044+1,525 1984+1,682 2,297+1,697 0.68 1476+1145 1369+989 1421+1364 1,657+1,974 0.67

Data are presented as absolute values and means * SD; n = 12 (10 M, 2 F). Comparisons between conditions within Spontaneous
Breathing or Paced Breathing were made using separate one-way ANOVA. P value columns are main effect of drink. HF, high frequency;
HFCS, high-fructose corn syrup; LF, low frequency; RMSSD, square root of the mean squared differences between consecutive R-R inter-
vals; SDNN, standard deviation of R-R intervals.
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sucrose trials compared with the diet trial further support
the interpretation that a caloric sweetener mediates these
changes in cardiovascular control independent of caffeine
content. Therefore, our findings of a reduced spontaneous
cardiovagal baroreflex sensitivity with HFCS- and sucrose-
sweetened soft drinks may provide a mechanism by which
the cardiovascular risk profile is increased with chronic ex-
cessive consumption of sugar-sweetened soft drinks.
Because of experimental design, we were able to compare
drinks containing sugar (sucrose and HFCS) versus those
that do not (water and diet). Our findings indicate that the
soft drinks containing sugar stimulate acute reductions in
spontaneous cardiovagal baroreflex sensitivity, but the phys-
iological mechanism underlying this response is unclear.
Previously, we observed similar increases in plasma osmolal-
ity between HFCS- and sucrose-sweetened soft drinks (19),
and other investigators found that modest increases in
plasma osmolality do not alter spontaneous cardiovagal bar-
oreflex sensitivity (20, 28). Therefore, increases in plasma

AJP-Regul Integr Comp Physiol « doi:10.1152/ajpregu.00310.2020 - www.ajpregu.org

osmolality do not appear to be driving our findings. Large
increases in circulating insulin occur following the con-
sumption of caffeinated soft drinks that are sweetened with
HFCS or sucrose (22). Hyperinsulinemia increases sympa-
thetic activity (39-41) to limit insulin-mediated nitric oxide
vasodilation (42-44). Therefore, hyperinsulinemia following
the consumption of HFCS and sucrose beverages may have
influenced baroreflex sensitivity. Previous evidence by
Young et al. (45) indicates that insulin increases sympathetic
baroreflex sensitivity (i.e., baroreflex control of muscle sym-
pathetic nerve activity). However, the investigators also
found that spontaneous cardiovagal baroreflex sensitivity
was not altered during a hypersinsulinemic-euglycemic
clamp (45). The findings of this study suggest that increases
in blood glucose, such as in a hyperinsulinemic-hyperglyce-
mic state, elicited by sugar-sweetened soft drink consump-
tion (22), may be needed to cause the modifying effects of
insulin on the cardiovagal baroreflex. Collectively, these
results indicate that hyperinsulinemia alone does not alter
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cardiovagal baroreflex, whereas it has a greater influence on
sympathetic baroreflex sensitivity. In our previous study
(19), we observed increases from baseline in serum uric
acid following HFCS-sweetened (~0.3 mg/dL) and sucrose-
sweetened (~0.2mg/dL) soft drink consumption. Although
chronic exposure to high levels of uric acid (i.e., hyperurice-
mia) may increase cardiovascular risk (46-48), acute hyper-
uricemia induced by uric acid infusion does not appear to
reduce spontaneous cardiovagal baroreflex sensitivity (49).
Given this discussion, further investigations into the mecha-
nisms underlying acute decreases in spontaneous cardiova-
gal baroreflex sensitivity following sugar-sweetened soft
drink consumption are warranted.

Our findings of a greater reduction in RMSSD during paced
breathing after HFCS-sweetened soft drink consumption are
suggestive of a lower heart rate variability mediated by a rela-
tive reduction in cardiac parasympathetic activity compared
with following water consumption. We were able to examine
the parasympathetic modulation of heart rate independent of
respiratory rate by using paced breathing. We found statisti-
cally significant correlations between overall cardiovagal bar-
oreflex sensitivity and indices of heart rate variability that are
reflective of vagal tone during paced breathing. The findings
in this study are in line with previous studies investigating
relation of cardiac baroreflex responses and vagal tone (50),
although it is acknowledged that vagal tone may be mediated
by mechanisms independent of the baroreflex (51). Our find-
ings indicate that the fructose content of the soft drink may
modulate heart rate variability because RMSSD decreased in
the HFCS trial, but not the sucrose-sweetened soft drink trial,
compared with the water trial. Brown et al. (16) found that HF
power exhibited a biphasic response to the consumption of
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fructose-sweetened water such that HF power increased
within the first 15 min, which was then followed by a decrease
at 75min postconsumption during spontaneous breathing
in healthy subjects. The investigators also found that LF
increased within 15 min following the consumption of fruc-
tose-sweetened water. It is currently unclear why we observed
differing heart rate variability responses following HFCS con-
sumption. We speculate that another ingredient in the soft
drinks used in this study, such as caffeine, has co-modulatory
interactions with fructose that contributed to the divergent
responses. However, by itself, caffeine does not appear to
affect parameters of heart rate variability in people who fre-
quently consume caffeinated products (52). Our findings of a
reduced RMSSD with HFCS-sweetened soft drink consump-
tion differ from studies that have investigated the postpran-
dial effects on indices of heart rate variability following eating
a meal. There is some evidence suggesting that the LF/HF ra-
tio is increased following a meal (53) or is associated with ele-
vations in blood glucose (54), but this is not a consistent
finding in healthy participants (55). Overall, the mechanisms
underlying the acute reductions in heart rate variability with
HFCS-soft drink consumption are currently not known.

We did not find greater increases in systolic or diastolic
blood pressure following HFCS-sweetened soft drink con-
sumption compared with the water, diet, and sucrose trials.
Furthermore, we did not find blood pressure variability to be
influenced by any of the experimental beverages. In our pre-
vious study (19), although we did not observe changes in
Modelflow-derived cardiac output or total peripheral resist-
ance, we did find that renal vascular resistance increases fol-
lowing consumption of HFCS-sweetened soft drinks
compared with drinking water. Previous reports have
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Figure 3. Comparisons between the magnitude
of change (A) in the indices of heart rate variability
at 30 min following soft drink consumption during
spontaneous breathing (left panels) and paced
breathing (right panels). Statistical analysis per-
formed using mixed-effects model with post hoc
Sidak’s test pairwise comparisons. *Different from
water (P < 0.01). Sample size: spontaneous
breathing—water (n=11; 9 M, 2 F), diet (1=12; 10 M,
2F), sucrose (n=11; 9M, 2F), and high-fructose
corn syrup (HFCS) (n=12;10 M, 2 F); paced breath-
ing—water (n=12; 10 M, 2 F), diet (n=12; 10 M, 2 F),
sucrose (n=10; 8 M, 2F), and HFCS (n=11; 9M,
2F). A and B: standard deviation of R-R intervals
(SDNN); C and D: square root of the mean
squared difference (RMSSD); E and F: high-fre-
quency power component (HF); G and H: low-fre-
quency power component (LF).

observed that elevations in blood pressure occur within 20-
30min (16, 56) and are sustained for at least 120 min follow-
ing fructose-sweetened water consumption (16). The post-
prandial elevation in blood pressure is attenuated when the
proportion of glucose to fructose is increased, which lowers
total peripheral resistance and thus mitigates the impact of
increases in cardiac output on blood pressure (56). The HFCS
and sucrose soft drinks we used contained a substantial pro-
portion of glucose (40% and 50%, respectively). Thus, it is
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reasonable to speculate that the glucose content may have
mitigated the blood pressure-elevating effects of fructose.
Finally, it does not appear that reductions in cardiovagal bar-
oreflex sensitivity that we found following sucrose and HFCS
consumption influenced our resting measures of blood pres-
sure. Although the sympathetic component of the baroreflex
was not assessed in this study, we previously discussed that
sympathetic baroreflex sensitivity is increased during hyper-
insulinemia (45). Thus, we speculate that an increased
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Table 6. Blood parameters

Pre-Drink Consumption

Post-Drink Consumption (A from Pre)

Water Diet Sucrose HFCS P Value Water Diet Sucrose HFCS P Value
Sodium, mmol/L 139+1 139 +1 138+1 139+2 0.21 0+1 0+1 0+1 0+2 0.94
Potassium, mmol/L 42+03 4404 43103 42+02 047 0.0£0.2 0.0+03 -0.2+02 -0.1+0.2 0.12
Chloride, mmol/L 105 +1 104+2 103+2 105+2 0.017 0+1 —141 0+2 —1+2 0.16
Glucose, mg/dL 88+6 88+5 85+7 88+6 0.35 —4+9 145 42+2MP  36+28%P  <0.001
Fructose, pmol/L 127+37 133+40  128+37 127443 0.057 2+12 8+12 189+81WP  286+99WPS  <0.001
Osmolality, mosmol/kg 284+2  285+2 284+2  285+3 0.67 —1£2 0+1 2+2WP 2+2P 0.005
Copeptin, pmol/L 95+28 7.6+19" 85+23 96+27° 0.016 03109  0.1+12 01412 0.8+1.0 0.36
Uric acid, mg/dL 6.0£1.0 6.0+11 59+12 6.3+12 029 -01+01 -0.1+0.8 0.2+0.2 0.3+0.4"P 0.006

Data are presented as absolute values for pre-drink consumption and change values from pre-to-post drink consumption as means *
SD; n =12 (10 M, 2 F). Comparisons at pre-drink consumption were made using a one-way ANOVA. At post-drink consumption, compari-
sons were made using a mixed-effects model where significant fixed effects (drink) were analyzed using post hoc Sidak’s test. WDifferent
from Water (P < 0.05); Pdifferent from Diet (P < 0.05); Sdifferent from Sucrose (P = 0.04). P value columns are main effect of drink. All
data except chloride were previously published by Chapman et al. (12). HFCS, high-fructose corn syrup.

sympathetic baroreflex sensitivity to a postprandial hyperin-
sulinemic state caused by sugar-sweetened soft drink con-
sumption (22) may have countered, at least to some degree,
reductions in cardiovagal baroreflex sensitivity observed in
this study and may explain why we did not find changes in
blood pressure or blood pressure variability. In addition, our
findings may suggest that the operating point of the cardiova-
gal baroreflex curve is not shifted with sugar-sweetened soft
drink consumption. Future studies may consider using phar-
macological stimulation or neck suction techniques with
muscle sympathetic nerve activity to generate baroreflex
curves to further explore these associations.

Limitations

Our study has several limitations that warrant discussion.
First, control of the baroreflex is dependent on both sympa-
thetic and cardiovagal activity. Because sympathetic activity
was not measured, such as with muscle sympathetic nerve ac-
tivity, we cannot draw conclusions regarding the sympathetic
arm of baroreflex sensitivity. Second, we did not investigate
the response of the baroreflex across a broad range of arterial
pressures, such as with the modified Oxford method (i.e.,
pharmacological stimulation of the arterial baroreflex).
However, given that the cardiovagal baroreflex is mostly con-
trolled parasympathetically and that large changes in blood
pressure were not observed in this study, there is merit in
using the sequence analysis of baroreflex sensitivity (11).
Third, this study is limited by the small number of female
subjects included in the study and that females were only
studied during one phase of the menstrual cycle. In addition,
female subjects were not taking oral contraceptive pills, which
vary in their formulations (57) and have been reported to alter
resting blood pressure and baroreflex sensitivity (58).
Therefore, whether their use elicits similar modifications in
cardiovascular control to sugar-sweetened soft drink con-
sumption, as observed in this study, requires further investi-
gation. Fourth, a noncaffeinated, HFCS-sweetened soft drink
was not used in this study, and thus, the potential co-modula-
tory effect of caffeine could not be teased out. However, our
findings indicate that the acute changes in cardiovascular
control are not dependent on caffeine because the caffeine
content was the same across the three experimental soft
drinks. Fifth, we did not measure insulin, which would
provide further insights into the mechanisms by which
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these drinks alter cardiovascular control. Sixth, it is not
known whether the acute effects of soft drink consump-
tion on cardiovascular function observed in this study are
sustained with chronic consumption and if they share sim-
ilar mechanisms. Seventh, we did not assess the cardiores-
piratory fitness of our subjects. Recent evidence suggests
that aerobic exercise is protective against vascular dys-
function induced by chronic sugar-sweetened beverage
consumption (59).

Conclusions

This study offers several novel findings regarding the
effects of soft drinks on cardiovascular function that occur
within 30 min of drink consumption in young, healthy adults.
We found that HFCS- and sucrose-sweetened soft drinks
decreased spontaneous cardiovagal baroreflex sensitivity, and
HFCS-sweetened soft drinks elicited greater reductions in the
parasympathetic modulation of heart rate. Finally, we did not
find differential increases in blood pressure variability with
HFCS-sweetened soft drinks compared with artificially sweet-
ened and sucrose-sweetened drinks and water.

Perspectives and Significance

The findings of our study indicate that sugar-sweetened soft
drink consumption acutely influences autonomic control of
the cardiovascular system in young, healthy adults. Although
important, many recent investigations into the potential dele-
terious effects of soft drinks on cardiovascular health have
been epidemiological studies that are unable to establish cau-
sality or included studies that use varying experimental models
of sweetened water. The latter approach provides important
mechanistic insight but may be limited in its external validity,
given that soft drinks are composed of more ingredients than
simply the sweetener used (e.g., caffeine and sodium content).
Thus, our experimental approach provided insight into the
acute cardiovascular effects of commercially available soft
drinks, thereby enhancing the external validity of our study.
Importantly, although this experiment provided intriguing
findings, whether similar effects on the cardiovascular system
would be found using a diet high in sugar-sweetened soft
drinks or if a dose-response relation exists between the volume
consumed and the extent of cardiovascular responses remains
to be established. This study adds to the literature that a
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relatively moderate volume of sugar-sweetened soft drinks elic-
its relatively minor, but statistically significant, changes to
spontaneous indices of cardiovascular function. Moreover,
whether sugar-sweetened soft drink consumption elicits simi-
lar effects in populations with an exacerbated cardiovascular
risk profile, such those with metabolic syndrome, hyperten-
sion, diabetes, or obesity, warrants further investigation.
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