RESEARCH ARTICLE

Am J Physiol Renal Physiol 318: F1053-F1065, 2020.
First published March 16, 2020; doi:10.1152/ajprenal.00374.2019.

High-fructose corn syrup-sweetened soft drink consumption increases vascular

resistance in the kidneys at rest and during sympathetic activation

Christopher L. Chapman,' Tigran Grigoryan,' Nicole T. Vargas,! Emma L. Reed,' Paul J. Kueck,!

Leonard D. Pietrafesa,! Adam C. Bloomfield,!

Blair D. Johnson,! and ©® Zachary J. Schlader'->

YCenter for Research and Education in Special Environments, Department of Exercise and Nutrition Sciences, University at

Buffalo, Buffalo, New York; and *Department of Kinesiology, School of Public Health, Indiana University, Bloomington,

Indiana

Submitted 6 August 2019; accepted in final form 6 March 2020

Chapman CL, Grigoryan T, Vargas NT, Reed EL, Kueck PJ,
Pietrafesa LD, Bloomfield AC, Johnson BD, Schlader ZJ. High-
fructose corn syrup-sweetened soft drink consumption increases vas-
cular resistance in the kidneys at rest and during sympathetic activa-
tion. Am J Physiol Renal Physiol 318: F1053-F1065, 2020. First
published March 16, 2020; doi:10.1152/ajprenal.00374.2019.—We
first tested the hypothesis that consuming a high-fructose corn syrup
(HFCS)-sweetened soft drink augments kidney vasoconstriction to
sympathetic stimulation compared with water (study ). In a second
study, we examined the mechanisms underlying these observations
(study 2). In study 1, 13 healthy adults completed a cold pressor test,
a sympathoexcitatory maneuver, before (preconsumption) and 30 min
after drinking 500 mL of decarbonated HFCS-sweetened soft drink or
water (postconsumption). In study 2, venous blood samples were
obtained in 12 healthy adults before and 30 min after consumption of
500 mL water or soft drinks matched for caffeine content and taste,
which were either artificially sweetened (Diet trial), sucrose-sweet-
ened (Sucrose trial), or sweetened with HFCS (HFCS trial). In both
study 1 and study 2, vascular resistance was calculated as mean
arterial pressure divided by blood velocity, which was measured via
Doppler ultrasound in renal and segmental arteries. In study 1, HFCS
consumption increased vascular resistance in the segmental artery at
rest (by 0.5 = 0.6 mmHg-cm™ s~ !, P = 0.01) and during the cold
pressor test (average change: 0.5 *= 1.0 mmHg-cm ™~ '-s !, main effect:
P = 0.05). In study 2, segmental artery vascular resistance increased
in the HFCS trial (by 0.8 = 0.7 mmHg-cm™'s™!, P = 0.02) but not
in the other trials. Increases in serum uric acid were greater in the
HECS trial (0.3 = 0.4 mg/dL, P = 0.04) compared with the Water and
Diet trials, and serum copeptin increased in the HFCS trial (by
0.8 = 1.0 pmol/L, P = 0.06). These findings indicate that HFCS
acutely increases vascular resistance in the kidneys, independent of
caffeine content and beverage osmolality, which likely occurs via
simultaneous elevations in circulating uric acid and vasopressin.

Doppler ultrasound; renal blood velocity; renal vascular resistance;
soda; vasopressin; uric acid

INTRODUCTION

People who regularly consume sugar-sweetened soft drinks
(i.e., high-calorie, high-fructose beverages) have an ~60%
increased risk of developing chronic kidney disease (11). The
pathophysiology of high fructose intake and the risk of kidney
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disease may be related to fructose-induced increases in serum
uric acid (i.e., hyperuricemia), elevations in circulating vaso-
pressin, and/or relative postprandial hypertension (6, 21, 22,
34). For instance, high blood pressure is an established risk
factor for the development of kidney disease (27), while
elevations in serum uric acid are associated with a two- to
threefold increased risk, and accelerated progression, of kidney
disease (23, 31). Moreover, high baseline levels of plasma
copeptin (a surrogate measure for vasopressin) are associated
with kidney disease progression (5). Notably, vasopressin re-
lease can be augmented by fructose intake, and increased
stimulation of the vasopressin receptors can promote endoge-
nous fructose production during physiological stressors, such
as dehydration and/or heat stress (36, 41, 47). This endogenous
fructose production is mediated by activation of the uric
acid-producing, polyol-fructokinase pathway in the kidneys
(25). Our laboratory has previously observed greater increases
in serum uric acid and copeptin in healthy adults when they
consumed a soft drink with a high absolute concentration of
fructose compared with consumption of an equal volume of
water following 4 h of physical exertion in a hot environment
(9). Additionally, this commercially available soft drink ele-
vated blood pressure and exacerbated reductions in kidney
function compared with water. The precise mechanisms under-
lying these observations remain unknown (40). However, it is
possible that a soft drink-mediated reduction in renal blood
flow may have contributed to reductions in kidney function.
This is supported by data demonstrating that increasing fruc-
tose intake in rats exacerbates renal vasoconstriction (38). It is
unknown, however, whether these findings translate to humans
in an acute setting.

Our laboratory has used the cold pressor test (CPT), a
sympathoexcitatory stimulus, to provide insights into the acute
vasoconstrictor responsiveness of the renal vasculature, as
measured with Doppler ultrasound (7, 39). When administered
during rest, the CPT elicits an ~20% reduction in blood
velocity and an ~70% increase in vascular resistance in the
segmental artery (7). The effect of consuming a soft drink on
changes in renal hemodynamics in response to a sympathetic
stimulus has not been investigated. Such information could
provide valuable insights regarding the link between sugar-
sweetened soft drink consumption and deleterious renal out-
comes. Thus, the purpose of the present study was to test the
hypothesis that soft drink consumption augments vascular
resistance in the segmental artery during the CPT compared
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with drinking an equivalent volume of water (study I). On the
basis of the findings of study I, we then sought to determine the
mechanisms underlying these observations. Specifically, we
aimed to elucidate the mechanisms by which segmental artery
vascular resistance is augmented with soft drink consumption.
In this second study, we tested the hypothesis that elevations in
segmental artery vascular resistance were due to high-fructose
corn syrup (HFCS), which are mediated through increases in
circulating uric acid and vasopressin (study 2).

METHODS
Participants

Thirteen healthy adults (3 women and 10 men) participated in study
1 and 12 healthy adults (2 women and 10 men) participated in study
2. Only three participants completed both studies. Therefore, these
studies were considered independent of each other, and no direct
comparisons were made between studies. Participant characteristics
for study I were age: 22 = 2 yr, height: 175 £ 9 cm, and weight:
76 *= 15 kg and for study 2 were age: 24 = 4 yr, height: 177 = 8 cm,
and weight: 76 = 9 kg. Participants self-reported to regularly con-
sume a weekly volume of soft drinks equal to 575 = 837 mL in study
I and 346 = 481 mL in study 2. Participants provided written consent
after being fully informed of the experimental procedures and possible
risks. Participants were physically active, nonsmokers, and reported to
be free from any known cardiovascular, metabolic, renal, or neuro-
logical diseases. Female participants self-reported to be normally
menstruating, were confirmed to not be pregnant via a urine preg-
nancy test, and were tested in the first 10 days following menstruation.
These studies were 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.

Instrumentation and Measurements

In both study 1 and study 2, nude body weight and height were
measured using a stadiometer and scale (Sartorius, Bohemia, NY).
Urine specific gravity was measured in duplicate using a refractometer
(Atago, Bellevue, WA). Heart rate was continually measured via a
3-lead ECG (DA100C, Biopac Systems, Goleta, CA).

Blood velocity was measured in the middle portion of the same
segmental artery in the right kidney (segmental artery) for that
participant and the distal segment of the right renal artery (renal
artery) using methods previously described in detail (8). Briefly,
segmental and renal artery blood velocities were obtained via Doppler
ultrasound (GE Vivid iQ, Chicago, IL) with a phased-array transducer
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Fig. 1. Study I: schematic of the study pro-
tocol. The transducer symbol indicates when
renal and cardiovascular measurements were
taken. Ultrasound measurements were taken
both for the middle portion of the segmental
artery and distal segment of the right renal
artery immediately before the cold pressor
test (CPT) during the end of the baseline
periods at preconsumption and postcon-
sumption. During the CPT, ultrasound mea-
surements were only performed in the seg-
mental artery. HFCS and Water indicate the
two trials [consumption of 500 mL of high-
fructose corn syrup-sweetened soft drink
(HFCS trial) or an equal volume of water | |

Void bladder
Drink 250 mL water
Void bladder
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(2.5-3.5 MHz) and while participants were in the left lateral recum-
bent position. Indelible ink was used to mark the transducer location
during baseline measurements, and this location was used for all
subsequent measurements. Participants were instructed to perform a
midexhalation, non-Valsalva breath hold for no longer than 10 s
during the ultrasound measurements and were appropriately familiar-
ized with this technique before beginning the study. Mean segmental
and renal artery blood velocities were indexed from the waveform
envelope by the time-averaged maximum velocity, and mean blood
velocity was measured and averaged over three cardiac cycles (8).
Previous work from our laboratory suggested that there is a greater
increase in vascular resistance to the CPT in the segmental artery
compared with the renal artery (7). Because of this, and the practical
limitations associated with optimizing both renal and segmental artery
measurements during the same CPT, blood velocity was only mea-
sured in the segmental artery during the CPT. Blood velocity was
measured in both the segmental and renal artery during pre-CPT
baseline periods at pre- and post-500 mL fluid consumption (Fig. 1).
The transducer was only removed from the body after completing the
preconsumption CPT, but it remained in place throughout the duration
of pre-CPT and CPT measurements. All renal measurements were
obtained by the same sonographer (C. L. Chapman), and were ex-
tracted by a separate member of the investigative team (T. Grigoryan,
L. D. Pietrafesa, and A. C. Bloomfield). This approach yielded a
within-subject test-retest coefficient of variation for renal blood ve-
locity measurements of 3.9 = 0.8% (renal artery) and 3.9 = 1.2%
(segmental artery). Although it is not possible to accurately measure
vessel wall diameter given the depth of the renal and segmental
arteries, pharmacologically induced reductions in renal blood flow
have been shown to be due to changes in blood velocity and not
diameter (28). Therefore, renal and segmental blood velocities were
interpreted to reflect changes in renal blood flow, as has been previ-
ously done (7, 8, 10, 13, 29, 39, 46).

In study I, changes in beat-to-beat blood pressure over time were
measured via the Penaz method (Finometer Pro, FMS, Amsterdam,
The Netherlands) and were corrected to the blood pressure immedi-
ately before the CPT (pre-CPT) from auscultation of the brachial
artery by electrosphygmomanometry (Tango M2, SunTech, Raleigh,
NCO). Stroke volume was calculated using ModelFlow (45).

In study 2, blood and urine were collected and analyzed. Blood
pressure in study 2 was measured manually in duplicate immediately
before kidney measurements were obtained. Hemoglobin was mea-
sured in duplicate using the Hemopoint H2 (Alere, Orlando, FL), and
hematocrit was measured in triplicate using microcentrifugation. Se-
rum osmolality was measured in duplicate via freezing point depres-
sion (model 3250, Advanced Instruments, Norwood, MA). Serum
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measurements of sodium, potassium, creatinine, and uric acid were
measured via standard clinical techniques by Kaleida Health, Depart-
ment of Pathology and Laboratory Medicine (Williamsville, NY).
Fructose in serum and urine was measured using a commercially
available fructose ELISA kit (LifeSpan BioSciences, Seattle, WA).
Serum copeptin was measured to indirectly assess vasopressin release
using a human copeptin ELISA kit (LifeSpan BioSciences) (4).

Experimental Protocol

Study 1: effect of HFCS-sweetened soft drink consumption on renal
and segmental artery hemodynamics during the CPT. OVERVIEW.
During two randomized experimental visits, participants completed a
CPT (described below) before and 30 min after 500-mL fluid inges-
tion in two trials (Fig. 1). Participants consumed filtered tap water in
the control trial (Water trial) and a decarbonated HFCS-sweetened
soft drink (Mountain Dew, PepsiCo, Purchase, NY) in the experimen-
tal trial (HFCS trial).

PRE-500 mL FLUID CONSUMPTION. Participants reported to the tem-
perature-controlled laboratory (HFCS trial: 24 = 1°C, 32 = 5% rela-
tive humidity; Water trial: 25 * 2°C, 32 = 8% relative humidity, P =
0.16) after abstaining from exercise, caffeine, and alcohol for 12 h,
and food for 3 h. For the second experimental visit, participants
arrived at the laboratory at the same time of day as their first visit to
control for any potential diurnal effects. Upon arrival, participants
provided a urine sample by completely voiding their bladder in a
collection urinal. Euhydration was confirmed at this time via a urine
specific gravity level of <1.020 (2). After this, participants drank 250
mL of water to promote urine production over the subsequent 60 min.
Following water consumption, participants sat and rested quietly for
60 min. After this rest period, participants voided their bladder in a
separate urinal to establish a baseline urine flow rate over this 1-h
period. Participants then laid in the left lateral recumbent position and
were instrumented as detailed above. After instrumentation, a 10-min
pre-500 mL fluid consumption baseline (preconsumption) was estab-
lished. Cardiovascular and renal measurements were taken during the
last 2 min of preconsumption. Immediately following preconsumption
measurements, the CPT commenced. The CPT is a sympathoexcit-
atory maneuver in which the participant’s hand is submerged in an
agitated ice slurry mixture up to the styloid processes for 2 min. The
CPT stimulates nociceptors and increases both vascular resistance and
blood pressure (12). Cardiovascular and renal ultrasound data were
collected immediately before commencing the CPT (pre-CPT), at 1
min of the CPT, at the end of the CPT, and at 1 min post-CPT
(recovery). At the end of the CPT, participants rated their perceived
hand pain (from 0 = no pain to 10 = worst pain imaginable) to the
nearest 0.5 increment. Recovery continued until 5 min post-CPT.

POST-500 mL FLUID CONSUMPTION. Following recovery, partici-
pants were given 5 min to consume 500 mL of water or HFCS. Water
was used as the control beverage in study 1 to control for the potential
effects of the fluid volume ingested on changes in renal hemodynam-
ics. Mountain Dew is a high-calorie, high-fructose, caffeinated soft
drink that we have demonstrated accentuates reductions in renal
function when consumed during and after physical work in the heat
(9). Mountain Dew has one of the highest free fructose concentrations
among commercially available soft drinks, with fructose and glucose
each representing 59.5% and 39.7%, respectively, of the total sugar
content in the beverage (44). According to an analysis from Walker et
al. (44), ~36 g of fructose and ~25 g of glucose are present in 500 mL
of Mountain Dew. The osmolality and on-label contents of the
beverage are shown in Table 1. In pilot testing, renal vascular imaging
via Doppler ultrasound was impossible when Mountain Dew was
consumed as packaged because of the profound acoustic shadowing of
the kidney associated with carbonation. Further pilot testing indicated
that 48 h of decarbonation procedures were necessary to reliably
image the renal vasculature. This decarbonation process was accom-
plished by pouring the soft drink into a wide-mouthed bottle with the
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Table 1. Properties of soft drinks

Diet Sucrose HEFCS
Osmolality, mosmol/kgH>O
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

Soft drinks were matched for caffeine content and taste and were either
artificially-sweetened (Diet; Diet Mountain Dew), sucrose-sweetened (Su-
crose; Mountain Dew Throwback), or sweetened with high-fructose corn syrup
(HFCS; regular Mountain Dew). Drink values are per 500 mL.

top loosely fastened yet tight enough to prevent contamination of the
drink. After ingesting 500 mL of the assigned beverage within 5 min,
participants laid supine for 20 min. A postconsumption baseline
(postconsumption) then commenced, so that the CPT was initiated at
30 min postconsumption. Testing was completed 30 min after fluid
consumption because previous data have shown that increases in
fructose in the blood following oral ingestion can be detected at this
time, thus ensuring that the high-fructose soft drink was in the
circulation (26). Cardiovascular and renal measurements during the
postconsumption baseline and CPT occurred in the same manner as
preconsumption. Following postconsumption CPT measurements,
participants voided into a collection urinal for measurements of urine
specific gravity and urine flow rate.

Study 2: mechanisms by which segmental artery hemodynamics
change with soft drink consumption. In four randomized, double-
blinded experimental trials, participants consumed 500 mL of water
(Water trial) or soft drinks matched for taste and caffeine content that
were either artificially sweetened [Diet Mountain Dew (Diet trial)],
sucrose-sweetened [Mountain Dew Throwback (Sucrose trial)] or
sweetened with HFCS [i.e., the exact beverage from study I (HFCS
trial)]. The timeline of study 2 was kept the same as study I to
examine the blood marker response to the various soft drinks. The use
of these soft drinks allowed for direct insights into the cardiovascular
and renal effects of changing the sweetener in the soft drink, inde-
pendent of the caffeine content. The osmolality and on-label contents
of each soft drink are shown in Table 1. Notably, the HFCS-
sweetened soft drink contained ~60% fructose (44) and provided the
ability to isolate the effects of increasing the fructose content com-
pared with the sucrose-sweetened soft drink, which was composed of
50% fructose and 50% glucose, because the soft drinks were matched
for caffeine and total calories and both were hyperosmotic (Table 1).

In study 2, venous blood samples were taken immediately before
drink consumption and 30 min after consumption. Additionally,
renal and segmental artery blood velocities were obtained before
drink consumption and after collection of the final venous blood
sample. Urine samples were collected immediately before and 1 h
after drink consumption in accordance with the timeline of data
collection in study 1. Participants logged their food and fluid
intakes for the 24 h preceding the experimental trial and were
instructed to keep a similar diet before each visit. Dietary logs
were analyzed for fluid volume and amount of total energy, fat,
protein, carbohydrate, sugar, and sodium using online software
(myfitnesspal, Under Armour, Baltimore, MD).

Data and Statistical Analyses

In study 1, we were unable to obtain segmental artery measure-
ments in one participant due to acoustic shadowing of the kidney
during the HFCS trial. Thus, ultrasound-based data in study 1 are
reported as n = 13 for the renal artery and n = 12 for the segmental
artery. In study 2, we were unable to measure renal measurements in
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one participant each during the Water, Diet, and HFCS trials due to
the availability of the ultrasound machine. Additionally, renal artery
measurements were not obtained in one participant in the Water trial
and two participants in the HFCS trial due to acoustic shadowing of
the kidney. Thus, ultrasound based-data in study 2 are reported as
Water (n = 10), Diet (n = 11), Sucrose (n = 11), and HFCS (n = 9)
for the renal artery and Water (n = 11), Diet (n = 11), Sucrose (n =
12), and HFCS (n = 11) for the segmental artery.

All nonultrasound data were sampled continuously at 1 kHz via
a data acquisition system (Biopac MP150, Goleta, CA). Heart rate
(studies I and 2) and mean arterial pressure (study I only) were
extracted during the same three cardiac cycles for all renal mea-
surements described above. In study I, cardiac output was calcu-
lated as the product of stroke volume and heart rate, and total
peripheral resistance was calculated as the quotient of mean
arterial pressure and cardiac output. In sfudy 2, mean arterial
pressure was calculated as one third pulse pressure plus diastolic
pressure. In both studies 1 and 2, renal and segmental artery
vascular resistance were calculated as the quotient of mean arterial
pressure and renal and segmental artery blood velocity. Urine
fructose excretion was calculated by correcting urine fructose to
urine flow rate.

All data were analyzed using Prism software (version 8, Graph-
Pad Software, La Jolla, CA). In study I, comparisons between
preconsumption and postconsumption baseline data within a trial
were made using two-tailed paired ¢ tests. During the CPT, data
were analyzed as the absolute change from pre-CPT using two-way
ANOVA. CPT data were analyzed as the absolute change to
examine the responses to the CPT independent from differences
that were observed pre-CPT. Additionally, the absolute difference
between preconsumption and postconsumption during the CPT
was compared between HFCS and Water trials using two-way
ANOVA. This analysis was deemed the most appropriate because
it isolated the effect of water and soft drink consumption while
controlling for any day-to-day differences in measurement or
physiological variability. In study 2, two-way ANOV A was used to
examine differences between drink type (condition) and across
time. Twenty-four-hour fluid volume and food intakes were ana-
lyzed using one-way ANOVA. In all instances, when ANOVA
revealed a significant main effect or interaction, post hoc Holm-
Sidak test pairwise comparisons were made. A priori statistical
significance was set at P = 0.05, and actual P values are reported
where possible. Data are reported as means = SD.

Table 2. Responses to 500 mL of fluid consumption for study 1

RENAL VASCULAR RESPONSE TO SOFT DRINK CONSUMPTION

RESULTS

Study 1: Effect of HFCS-Sweetened Soft Drink Consumption on
Renal and Segmental Artery Hemodynamics During the CPT

Resting physiological responses to 500 mL fluid consumption.
There were no changes in heart rate, stroke volume, cardiac
output, and total peripheral resistance from preconsumption to
postconsumption in either the Water or HFCS trials (P = 0.08;
Table 2). Mean arterial pressure increased in the HFCS trial at
postconsumption (by 3 = 5 mmHg, P = 0.03; Fig. 2A), but it did
not change with the Water trial (P = 0.91; Fig. 2A). Renal (P =
0.74; Fig. 2B) and segmental (P = 0.07; Fig. 2C) artery blood
velocities did not change with either drink at postconsumption.
HFCS consumption increased vascular resistance in the segmental
artery (by 0.5 = 0.6 mmHg-cm™!.s™!, P = 0.01; Fig. 2E) but did
not change with water (P = 0.29; Fig. 2E) or either drink in the
renal artery (P = 0.32; Fig. 2D). There were no differences in
urine specific gravity or urine flow rate between HFCS and Water
trials (P = 0.66; Table 2).

Physiological responses to water consumption during the
CPT. The increase in heart rate was higher at the end of the CPT
at postconsumption compared with preconsumption in the Water
trial (pre: 1 = 8 beats/min and post: 5 = 11 beats/min, P < 0.05;
Fig. 3A). The CPT did not elicit differential changes in stroke
volume and cardiac output between preconsumption and postcon-
sumption in the Water trial (P = 0.08; Fig. 3, B and C). At the end
of the CPT, increases in total peripheral resistance were attenuated
at postconsumption in the Water trial (pre: 9.5 = 6.0 mmHg:
L~ "min and post: 5.5 + 3.8 mmHg-L ™ '-min, P < 0.04; Fig. 3D).
In the Water trial, mean arterial pressure was higher at 1 min of
the CPT at preconsumption compared with postconsumption
during the CPT (by 8 = 15 mmHg, P = 0.01), but there were no
differences at the end of the CPT (P = 0.43; Fig. 3E). There were
no differences in blood velocity or vascular resistance in the
segmental artery between preconsumption and postconsumption
in the Water trial (P = 0.32; Fig. 3, F and G).

Physiological responses to soft drink consumption during
the CPT. The HFCS trial did not elicit differential changes in
heart rate, stroke volume, cardiac output, total peripheral re-
sistance, mean arterial pressure, or segmental artery blood

Water HFCS
Parameter Pre Post Pre Post

Cardiovascular

Heart rate, bpm 61 (11) 59 (11) 63 (12) 64 (10)

Stroke volume, mL 83 (22) 92 (22) 73 (14) 79 (20)

Cardiac output, L/min 4.9 (1.7) 5.2(1.4) 4.4 (1.0) 5.0 (1.1)

Systolic blood pressure, mmHg 102 (14) 102 (11) 109 (9) 113 (16)

Diastolic blood pressure, mmHg 59 (7) 58 (9) 57 (7) 60 (10)

Total peripheral resistance, mmHg-L~!'-min 20.5 (6.1) 20.2 (5.8) 17.8 (4.1) 16.5 (4.0)
Renal function

Urine specific gravity 1.003 (0.004) 1.001 (0.002) 1.003 (0.005) 1.001 (0.002)

Urine flow rate, mL/min 532.7) 5.6 (1.5) 5.6 (2.9) 5.4 (2.6)
Perception to cold pressor test

Hand pain, AU 6.8 (1.2) 7.0 (1.2) 6.9 (0.8) 7.3(0.9)

Data are presented as absolute values and mean (SD); n = 13. Physiological responses preconsumption (Pre) and 30 min postconsumption (Post) of 500 mL
of high-fructose corn syrup-sweetened soft drink (HFCS trial) or water (Water trial) are shown (study ). The perceptual response to hand pain immediately after
the cold pressor test is included at preconsumption and postconsumption in each trial. Preconsumption and postconsumption comparisons were made using

separate paired two-tailed ¢ tests for HFCS and Water trials.
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velocity during the CPT compared with the Water trial (P =
0.10; Fig. 4). However, the increase in vascular resistance in
the segmental artery was higher at postconsumption compared
with preconsumption in the HFCS trial at 1 min of the CPT

(pre: 1.0 = 0.8 mmHg-cm™!s~! and post: 1.6 + 0.9 mmHg:
11

cm™ s, P < 0.02) and at recovery (pre: —0.0 = 1.1
mmHg-cm™'s~! and Post: 0.6 = 1.2 mmHg-cm™'s™!, P <
0.03; Fig. 4G).

CPT differences between pre- and post-500 mL fluid con-
sumption compared between HFCS and Water trials. At all
time points during the CPT, there were no differences between
preconsumption and postcconsumption in HFCS and Water trials
in the change in heart rate (P = 0.50; Fig. 5A), stroke volume
(P = 0.78; Fig. 5B), cardiac output (P = 0.35; Fig. 5C), total
peripheral resistance (P = 0.86; Fig. 5D), and mean arterial
pressure (P = 0.10; Fig. 5E). The change from preconsumption to
postconsumption in segmental artery blood velocity was lower in
the HFCS trial compared with the Water trial at pre-CPT
(—1.6 £2.7 vs. 1.6 = 3.6 cm/s; P < 0.05), 1 min of the CPT

(=3.6 240 vs. 0346 cm/s, P < 0.03), and recovery
(—3.5 £3.7vs.0.5 £ 1.8 cm/s; P < 0.03; Fig. 5F). Additionally,
the change from preconsumption to postconsumption in vascular
resistance in the segmental artery was higher in the HFCS trial
compared with the Water trial at pre-CPT (0.6 = 0.7 vs. —0.2 =
0.8 mmHg-cm™!-s™!, P < 0.03), 1 min of the CPT (1.3 = 0.8 vs.
—04 + 1.3 mmHgcem ™ 's™!, P < 0.01), end of the CPT
(0.8 =09 vs. =03 = 1.6 mmHg.cm 's~!, P = 0.05), and
recovery (1.2 = 0.9 vs. —0.1 = 0.7 mmHg-cm™'s™!, P < 0.01;
Fig. 5G).

Study 2: Mechanisms by Which Segmental Artery
Hemodynamics Change With Soft Drink Consumption

There were no differences in total fluid volume or food
intakes in the 24 h before the experimental trials (P = 0.13; see
Supplemental Table S1 in the Supplemental Data; Supplemen-
tal Data are available online at http://doi.org/10.5281/ze-
n0do.3674087). The change in heart rate, stroke volume, blood
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pressure, and total peripheral resistance from preconsumption
did not differ between trials (P = 0.15; Table 3). The change
in renal artery blood velocity was reduced in the HFCS trial (by
—34*62 cm/s; P = 0.04) compared with Water (by
4.1 = 6.1 cm/s) and Sucrose (by 4.5 = 4.5 cm/s; Table 3)
trials. The change in vascular resistance in the renal artery in
the HFCS trial was greater than that in the Water trial (P =
0.02; Table 3). Segmental artery blood velocity only decreased
in the HFCS trial (by —3.2 2.8 cm/s, P = 0.01), and
vascular resistance in the segmental artery increased in the
HFCS trial (by 0.8 = 0.7 mmHg-cm™!-s~!, P = 0.02, Table 4).
Segmental artery vascular resistance increased to a greater
extent in the HFCS trial compared with the Water trial (P =
0.04; Table 3). Percent changes in plasma volume did not differ
between trials (P = 0.11; Table 4). Plasma osmolality and
serum glucose increased (P < 0.04) in the HFCS and Sucrose

T T -2.0 T T
End Recovery Pre 1 min

T T
End Recovery

trials only, but the magnitude of increase did not differ between
these trials (P = 0.43; Table 4). At 30 min postconsumption,
increases in serum fructose were greatest in the HFCS trial (by
286 = 99 pumol/L) compared with other trials (P < 0.05; Fig.
6B). There were no differences between trials in urine flow rate
at preconsumption (Water: 7.6 = 5.0 mL/min, Diet: 8.3 = 3.5
mL/min, Sucrose: 7.7 = 3.4 mL/min, and HFCS: 7.9 = 3.3
mL/min, P = 0.94) or postconsumption (Water: 10.4 =
3.5 mL/min, Diet: 10.0 = 2.8 mL/min, Sucrose: 8.7 = 3.4
mL/min, and HFCS: 8.7 = 1.9 mL/min, P = 0.22). Urine flow
rate increased from preconsumption in the Diet trial (by
1.7 = 2.0 mL/min, P = 0.05), but there were no changes in the
other trials (P = 0.21). There were no effects of time or drink
on urine fructose excretion (P = 0.20; Fig. 6D). Increases in
serum uric acid at 30 min postconsumption in the HFCS trial
(0.3 £ 0.4 mg/dL, P = 0.04) were greater than in the Water
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(=0.1 £0.1 mg/dL) and Diet (—0.1 = 0.1 mg/dL) trials but
did not differ from the Sucrose trial (0.2 = 0.2 mg/dL, P =
0.26; Fig. 7B). Serum copeptin increased from preconsumption
only in the HFCS trial (by 0.8 = 1.0 pmol/L, P = 0.06), but
these increases did not differ from the other trials (P = 0.60;

Fig. 7D).
DISCUSSION

In support of our first hypothesis (study I), consumption of
500 mL of a commercially available soft drink sweetened with
HFCS increased segmental artery vascular resistance 30 min
postconsumption and accentuated the increase in segmental
artery vascular resistance during the CPT, a sympathetic stim-
ulus. Study 2 was designed to examine the mechanisms by
which HFCS-sweetened soft drink consumption increased seg-

1 1 1
1 min End Recovery

mental artery vascular resistance. The primary findings from
study 2 were I) consumption of a HFCS-sweetened soft drink
acutely increased vascular resistance in the segmental artery,
but this did not occur after drinking sucrose-sweetened or
artificially sweetened soft drinks; and 2) the HFCS-sweetened
soft drink elicited the greatest increases in serum fructose and
stimulated simultaneous increases in both serum uric acid and
copeptin, a stable surrogate measure of vasopressin.

Consumption of a Soft Drink Sweetened With HFCS Acutely
Elevates Vascular Resistance in the Segmental Artery at Rest
and During Sympathetic Stimulation (Study 1)

In a previous study, we observed augmented increases in
blood pressure, reductions in renal function, and greater in-
creases in serum uric acid and copeptin when participants
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consumed Mountain Dew during and after 4 h of exercise in
the heat compared with drinking water (9). In explanation of
these findings, we speculated that soft drink consumption
during this hyperadrenergic state (37) may have provoked
greater reductions in renal blood flow. However, understanding
the mechanisms of these observations was confounded by the
multiple sympathetic stressors involved, which included heat
strain (i.e., increase in core body temperature) and exercise.
Notably, both heat strain (16) and exercise (14) activate the
sympathetic nervous system. Our laboratory has used the CPT
to stimulate the sympathetic nervous system and examine the
subsequent renal vascular responses (7, 39). In the present
study, we aimed to determine the isolated effects of soft drink
consumption without the addition of heat and exercise on the

renal hemodynamic response during sympathetic activation.
Compared with drinking water, HFCS consumption augmented
increases in vascular resistance in the segmental artery to the
CPT. Notably, vascular resistance in the segmental artery was
elevated following HFCS consumption by ~16%, and further
augmented increases in segmental artery vascular resistance
were observed during the CPT. Thus, HFCS consumption
likely increased both baseline renal vasoconstrictor tone and
the renal vasoconstrictor response to sympathetic activation.
The mechanism by which this augmented increase in seg-
mental artery vascular resistance occurred with HFCS con-
sumption is likely multifactorial, as there are many redundant
and opposing pathways by which vasoconstriction is elicited in
the kidneys (20). However, a relatively moderate bolus of fluid
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Table 3. Cardiovascular and renal hemodynamic responses to 500 mL drink consumption for study 2

Water Diet Sucrose HEFCS
Pre Post Pre Post Pre Post Pre Post
Cardiovascular

Heart rate, beats/min 54 (5) 53 (5) 59 (7) 54 (5)* 58 (8) 59 (6)F+ 59 (8) 60 (7)T%

A -1(4) =5 (5)* 0 (6) 0(5)
Stroke volume, mL 109 (12) 107 (15) 109 (14) 107 (17) 104 (19) 106 (16) 107 (20) 104 (13)

A —2(10) =2(7) 109 =309
Cardiac output, L/min 6.0 (0.7) 5.8 (0.9) 6.2 (0.7) 5.8 (0.8) 5.9 (1.0) 6.1 (0.8) 6.3(1.2) 6.3 (0.8)

A —0.2(0.7) —0.5(0.6) 0.2 (0.5) —0.1(0.7)
Systolic blood pressure, mmHg 124 (8) 121 (10) 123 (7) 126 (7) 121 (7) 126 (9)* 124 (7) 128 (7)

A =30 24 4 (S)*f 3(6)
Diastolic blood pressure, mmHg 77 (8) 79 (6) 79 (5) 83 (3)* 77 (5) 81(7) 77 (6) 81 (4)

A 1(5 5 (4)* 4(6) 4(8)
Mean arterial pressure, mmHg 93 (7) 93 (6) 94 (5) 98 (4)* 92 (5) 96 (7)* 93 (5) 96 (4)

A 0(5) 4 (3)* 4 (4)* 4 (6)
Total peripheral resistance, mmHg-L~'min  16.2 (2.0) 17.1 (29) 163 (3.5) 18.2(4.8) 164 (3.1) 16.6 (2.8) 15.9 (3.8) 16.0 (2.7)

A 1.0 (3.1) 2.2(2.3) 0.3 (1.7) 0.1 (2.4)

Renal Artery

Blood velocity, cm/s 36.5 (8.8) 40.7 (9.2) 409 (8.2) 41.3(7.5) 37.9(8.8) 41.7 (9.3)*  43.6 (8.7)F 40.2 (7.8)

A 4.1(6.1) 0.3 (5.1) 4.5 (4.5)* —3.4(6.2)T§
Vascular resistance, mmHg-cm ™ '-s 2.7 (0.7) 2.3(0.5) 2.4 (0.4) 2.4(0.4) 2.6 (0.6) 2.4(0.4) 2.2(0.4) 2.5(0.5)

A —0.3(0.5) 0.1(0.4) —0.2(0.3) 0.2 (0.4)1

Segmental Artery

Blood velocity, cm/s 25.5(6.3) 26.5(5.3) 24.8(4.4) 24.4(6.0) 21.4(5.5)% 21.5(5.4) 24.8 (6.6) 21.6 (6.1)*

A 1.0 (5.1) —0.4 (4.0 0.2 (5.3) —3.2(2.8)*
Vascular resistance, mmHg-cm™!-s 3.8 (0.9) 3.6 (0.6) 3.9 (0.8) 4.2 (0.8) 4.5 (1.0) 4.7(1.2) 3.9(0.8) 4.7 (1.1)*F

A —0.2 (0.6) 0.3 (0.8) 0.2 (1.1) 0.8 (0.7)*F

Data are absolute values and change values (A) from preconsumption (Pre). Physiological responses to 500 mL drink consumption at baseline (Pre) and 30
min after consumption of the beverage (Post) are shown. Beverages were composed of water (Water trial) or soft drinks matched for caffeine content and taste
that were either artificially sweetened (Diet trial), sucrose-sweetened (Sucrose trial), or sweetened with high-fructose corn syrup (HFCS trial) (study 2). For the
renal artery, n = 10 (Water), 11 (Diet), 11 (Sucrose), and 9 (HFCS); for the segmental artery, n = 11 (Water), 11 (Diet), 12 (Sucrose), and 11 (HFCS); n =
12 for the remaining variables. Statistical analysis was performed by two-way ANOVA and post hoc Holm-Sidak test pairwise comparisons. *Significantly
different from Pre (P = 0.05); fsignificantly different from the Water trial (P = 0.04); Esignificantly different from the Diet trial (P < 0.01); §significantly
different from the Sucrose trial (P = 0.04).

is not likely responsible, as the vascular resistance response to  permitted the unique exploration of the beverage constituents
the CPT in the segmental artery did not change with water likely contributing to the increased segmental artery vascular
consumption. Some of the mechanisms underlying the obser-  resistance following HFCS-sweetened soft drink consumption.
vations in study I were investigated in study 2. By also obtaining blood and urine samples, study 2 allowed for

Elevations in Segmental Artery Vascular Resistance With Soft assessment of some of the potential physiological mechanisms

Drink Consumption Are Likely Caused by HFCS (Study 2) mediating any renal. vascular responses. Ipcreases in segmentfal
artery vascular resistance postconsumption occurred only in

Study 2 used commercially available taste and caffeine- the HFCS trial and not in the Sucrose, Diet, or Water trials.
matched soft drinks that differed by the type of sweetener. This Moreover, despite that the HFCS-sweetened soft drink had a

Table 4. Blood profile response to soft drink consumption for study 2

Water Diet Sucrose HFCS
Pre Post Pre Post Pre Post Pre Post

APlasma volume, % -1 (2)* -33) 1(3)% -1(2)
Plasma osmolality, mosmol/kg H,O 284 (2) 283 (2) 285 (2) 284 (2) 284 (2) 286 (3)* 285 (3) 286 (3)*1

A —1(2) 0(1) 2(Q*4 2%
Serum glucose, mg/dL 88 (6) 84 (6) 88 (5) 89 (5)1 85(7) 126 (20)*1 88 (6) 124 (25)%%

A —4(9) 1(5) 42 21)*t% 36 (28)*f&
Serum sodium, mmol/L 139 (1) 139 (1) 139 (1) 139 (1) 138 (1) 139 (2) 139 (2) 139 (2)

A 0(1) 0(l) 0(l) 0(2)
Serum potassium, mmol/L 42(0.3) 43(0.3)  4.40.4) 4.4(0.3) 43(0.3) 4.1(0.3) 42(0.2) 4.0 (0.4)%

A 0.0 (0.2) 0.0 (0.3) —0.2(0.2) —0.1(0.2)
Serum creatinine, mg/dL 1.0 (0.2) 09(02)  09(0.1) 0.9 (0.1) 0.9 (0.1) 1.0 (0.1) 0.9 (0.1) 1.0 (0.1)

A 0.0 (0.0) 0.0 (0.0) 0.1 (0.0) 0.1 (0.0

Data are absolute values and change values (A) from preconsumption (Pre); n = 12. Blood marker responses to 500 mL drink consumption at baseline (Pre)
and 30 min after consumption of the beverage (Post) are shown. Beverages were composed of water (Water trial) or soft drinks matched for caffeine content
and taste that were either artificially sweetened (Diet trial), sucrose-sweetened (Sucrose trial), or sweetened with high-fructose corn syrup (HFCS trial) (study
2). Statistical analysis was performed by two-way ANOVA and post hoc Holm-Sidak test pairwise comparisons. *Significantly different from Pre (P = 0.04);
tsignificantly different from the Water trial (P = 0.05); Zsignificantly different from the Diet trial (P = 0.03).
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Fig. 6. Study 2: effect of consumption of 500 mL of water (Water trial) or soft drinks matched for caffeine content and taste that were either artificially sweetened
(Diet trial), sucrose-sweetened (Sucrose trial), or sweetened with high-fructose corn syrup (HFCS trial) on serum fructose at 30 min postconsumption (A and B)
and urine fructose excretion at 60 min postconsumption (C and D). Absolute values (A and C) and change values (A, B and D) are shown. Statistical analysis
was performed by two-way ANOVA and post hoc Holm-Sidak test pairwise comparisons. "Significantly different from preconsumption (P < 0.01); Wsignificantly
different from the Water trial (P = 0.04); Psignificantly different from the Diet trial (P = 0.04); Ssignificantly different from the Sucrose trial (P = 0.05). n = 12.

higher beverage osmolality than the sucrose-sweetened soft
drink, there were no differences in the increase in plasma
osmolality or changes in plasma volume between trials. Thus,
it is unlikely that beverage osmolality explains our findings.

Fig. 7. Study 2: effect of consumption of
500 mL of water (Water trial) or soft
drinks matched for caffeine content and
taste that were either artificially sweetened
(Diet trial), sucrose sweetened (Sucrose
trial), or sweetened with high-fructose corn
syrup (HFCS trial) on serum uric acid (A
and B) and serum copeptin (C and D) at 30
min postconsumption. Absolute values (A
and C) and change values (A, B and D) are
shown. Statistical analysis was performed
by two-way ANOVA and post hoc Holm-
Sidak test pairwise comparisons. Signifi-
cantly different from preconsumption (P <
0.04 for serum uric acid and P = 0.06 for
serum copeptin); Wsignificantly different
from the Water trial (P < 0.04); Psignifi-
cantly different from the Diet trial (P <
0.05). n = 12.
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Because the soft drinks were matched for caffeine content (and
likely most other additives, e.g., food color), we believe that
the increased fructose content in the HFCS-sweetened bever-
age elicited the increased segmental artery vascular resistance.
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This is supported by our findings for a greater increase in
serum fructose concentration at 30 min post-HFCS consump-
tion compared with all other trials.

Le et al. (26) previously reported increases in serum uric
acid occurring within 30 min of consuming a soft drink
sweetened with HFCS. This fructose-induced postprandial hy-
peruricemia (15) is likely accompanied by increased vasopres-
sin release, independent of changes in osmolality. For instance,
Wolf et al. (47) previously showed that hypertonic fructose
infusion increases vasopressin independent of osmolality, as no
changes in vasopressin were observed with an equimolar infu-
sion of hypertonic glucose. The findings of the present study
extend this work, demonstrating that at 30 min post-HFCS
consumption, serum uric acid and serum copeptin are simul-
taneously elevated, which did not occur in the other trials.
Notably, increases in both serum uric acid (43) and vasopressin
(3) induce renal vasoconstriction. Our data support that in-
creases in segmental artery vascular resistance were observed
only when both serum uric acid and copeptin were elevated.
Interestingly, increases in serum uric acid in the absence of any
increases in copeptin, such as what occurred with consumption
of a sucrose-sweetened soft drink, did not elicit increases in
segmental artery vascular resistance. This may be suggestive of
a potential synergistic effect, whereby increases in circulating
uric acid and vasopressin may be necessary to stimulate renal
vasoconstriction. However, direct evidence of this interaction
between uric acid and vasopressin is required.

The observed increases in segmental artery vascular resis-
tance following consumption of a HFCS-sweetened soft drink
were not likely due to caffeine content because the caffeine
content was the same in the three soft drinks. This is further
supported by evidence that caffeine does not change renal
blood flow in doses of <360 mg (33) and has no acute effect
on vasopressin secretion (30). Furthermore, data in animals
indicate that renal vasoconstrictor tone may be decreased
following intrarenal infusion of methylxanthines (i.e., a class
of adenosine receptor antagonists including caffeine) (32).
There may also be a role for other circulating vasoconstrictors
in response to consumption of HFCS-sweetened soft drinks.
Further investigation is warranted regarding exploring the
potential contributions of endothelin-1 and/or angiotensin II for
the increased vascular resistance in the segmental artery oc-
curring subsequent to consumption of HFCS-sweetened soft
drinks. Such involvement is likely, given evidence that these
vasoconstrictor agents are upregulated in rats chronically fed
high-fructose diets (42). Furthermore, angiotensin II is also
stimulated by increases in uric acid (49), such as fructose-
induced hyperuricemia (15, 26, 35), which occurred in the
HFCS trial. The role of renal sympathetic nerve activity on
HFCS-sweetened soft drink-induced increases in vascular re-
sistance in the segmental artery cannot be elucidated by the
present experimental design. In study I, we did not observe
acute changes in total peripheral resistance, which can some-
times be used as an indirect measure of sympathetic activation,
following consumption of a HFCS-sweetened soft drink. That
said, it is unknown whether this is also indirect evidence that
renal sympathetic nerve activity was unchanged. We are only
aware of one study that directly examined the effect of fructose
consumption on renal sympathetic nerve activity. This study
reported no changes in basal renal sympathetic nerve activity in
rats fed a high-fructose diet for 2—4 wk (48). In addition to the
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mechanisms by which renal vasoconstriction may be promoted
by consumption of a HFCS-sweetened soft drink, there is the
potential that HFCS ingestion impacted vasodilatory actions in
the kidneys. The vasodilator, nitric oxide, can be produced in
the kidneys by endothelial nitric oxide synthase in the glom-
eruli and by neuronal nitric oxide synthase in the macula densa
(1). Glushakova et al. (17) have previously reported that
fructose reduces nitric oxide derived from endothelial nitric
oxide synthase. Collectively, this suggests that consumption of
a HFCS-sweetened soft drink may shift the vasodilator-vaso-
constrictor balance toward vasoconstriction by both reducing
vasodilatory substance release and promoting vasoconstrictor
substance release. However, this remains speculative and war-
rants further investigation.

Considerations

There are a few methodological considerations that warrant
mentioning. First, we and others are not able to directly assess
renal and segmental artery vessel wall diameter via Doppler
ultrasound. Although it has been previously shown that
changes in renal blood flow were due to changes in renal blood
velocity, as vessel wall diameter did not change during phar-
macologically induced vasoconstriction (28), we cannot be
certain that diameter did not change. Despite this, we used
rigorous controls to ensure the highest quality and reliable
renal ultrasound measurements were obtained (8). The limita-
tions associated with technique have been extensively outlined
previously (8). Second, we decarbonated the soft drinks to
reduce the risk of acoustic shadowing of the kidney during our
renal ultrasound measurements. Thus, we do not know if the
renal vascular response is altered with a higher carbon dioxide
concentration in an ingested beverage. Third, we performed the
CPT 30 min after consumption of the soft drink, and we do not
know whether this augmented renal vascular response exists at
longer durations postconsumption. Data from Le et al. (26)
indicate that soft drink consumption increases the concentra-
tion of fructose in the blood for 2 h and elevates serum uric
acid for 3 h. On the basis of these data, it is conceivable that the
renal vascular response to sympathetic activation would be
augmented for at least 2 h postconsumption. Fourth, we strictly
tested the acute effects of soft drink consumption among casual
drinkers. Thus, we do not know the effects of chronic soft drink
consumption on these responses or how our results would
change in frequent consumers of soft drinks. Fifth, it remains
possible that caffeine interacts with HFCS to elicit changes in
renal hemodynamics. Future work should consider using ex-
perimental models with a caffeine-free, HFSC-sweetened soft
drink to further tease out the independent effects of soft drinks.
Sixth, we acknowledge the differences in osmolality between
the sucrose- and HFCS-sweetened beverages. Thus, it remains
possible that there are additional components within the HFCS-
sweetened beverage (including, but not limited to, a higher
beverage osmolality) that may have elicited or modulated the
changes in renal hemodynamics observed in the present study.

Perspectives and Significance

There is much interest in renal and cardiovascular health
outcomes associated with soft drink consumption. Our study
indicates that a soft drink sweetened with HFCS elevates
vascular resistance in the kidneys and elicits a greater renal
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vasoconstrictor response to sympathetic activation. These find-
ings provide insight into the acute effects of soft drink con-
sumption on renal vascular control. Furthermore, our data also
provide insights into the responsiveness of the kidneys during
a sympathetic stressor, which can be regularly encountered in
activities of daily living (e.g., opening a jar or walking up-
stairs). Notably, there are also a number of states characterized
by heightened basal sympathetic activity, including chronic
kidney disease (24), type II diabetes (19), and obesity (18).
Whether consumption of a HFCS-sweetened soft drink has
similar responses in the renal vasculature of these groups is not
known. In theory, regular consumption of HFCS-sweetened
soft drinks could chronically exacerbate increases in renal
vasoconstrictor tone that may predispose them to an increased
risk of nephropathy occurring subsequent to localized renal
ischemia. In support of this, chronic excessive fructose intake
has been linked to kidney disease (22).

Conclusions

Consumption of 500 mL of a commercially available soft
drink sweetened with HFCS increased vascular resistance in
the kidneys within 30 min. We also found that increases in
segmental artery vascular resistance were exacerbated during
the CPT compared with water consumption. Furthermore, in a
followup study, we determined that these changes in segmental
artery hemodynamics were elicited by the sweetener HFCS and
were not due to the caffeine content or osmolality of the
beverage. These increases in segmental artery vascular resis-
tance were likely due to simultaneous increases in serum uric
acid and copeptin. Collectively, our findings indicate that
HFCS-sweetened soft drink consumption increased renal va-
soconstrictor tone at rest and during sympathetic activation.
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