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Abstract

Fructose containing soft drinks worsen acute kidney injury (AKI) risk during simulated work related heat
stress (WrHS), but the fructose content is comparatively lower in sport drinks. This study tested the
hypothesis that consuming a higher-fructose sport drink exacerbates AKI risk compared to consuming a
sucrose-sweetened sport drink during a four-hour WrHS simulation. In this block randomized, double-
blind crossover study, 12 healthy adults (2617 y; 6 women) completed two trials involving ingesting six
500 mL doses of a higher-fructose sport drink (55% fructose & 45% glucose; Fructose55) or a sucrose-
sweetened sport drink (50% fructose & 50% glucose; Sucrose) before, during, and following a 4 hour
WTrHS simulation that comprised three circuits of treadmill walking (10 minutes) and rowing (5 minutes)
at five metabolic equivalents and 15 minutes of rest every hour. Drinks were matched for total
carbohydrates, calories, and electrolytes and modestly matched for osmolality. Urine and blood samples
were collected pre- and post-exposure, at recovery, and 24 hours post-visit. AKI risk was quantified as the
product of urine insulin-like growth factor-binding protein 7 and urine tissue inhibitor of
metalloproteinase-2 ([IGFBP7¢TIMP-2]) normalized to specific gravity. Peak rectal temperature
(Fructose55: 38.3+0.7°C, Sucrose: 38.3+0.7°C, p=0.991) and percent change in body weight (Fructose55:
-0.74£1.0%, Sucrose: -0.9+1.0%, p=0.466) were not different between trials. Urinary [IGFBP7 ¢ TIMP-2]
increased over time (p<0.001) but did not differ between trials (peak change — Fructose55: 1.7+1.6
(ng/mL)?/1000, Sucrose: 1.6+1.8 (ng/mL)?/1000, p=0.677). Consuming a higher-fructose containing sport

drink does not exacerbate AKI risk during WrHS when compared to a sucrose-sweetened equivalent.

Keywords: Dehydration, occupational heat stress, rehydration, kidney function
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New and Noteworthy:

This study tested whether drinking a sport drink with a higher proportion of fructose influences acute
kidney injury (AKI) risk during simulated work-related heat stress. In a block randomized, double-blind
crossover design, healthy adults consumed either a higher-fructose or sucrose-sweetened sport drink
matched for calories, electrolytes, and carbohydrates. Despite increases in AKI biomarkers with heat
stress, the type of sugar in the sport drink did not alter AKI risk, indicating that modest differences in

fructose content does not meaningfully impact kidney stress.
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Introduction

Workers performing physically demanding tasks in hot environments experience work-related heat stress
(WrHS) (1). WrHS can lead to dehydration, hyperthermia (i.e., elevations in core temperature), and
increase the likelihood of acute kidney injury (AKl) (2, 3). Preventing dehydration attenuates the rise in
core temperature during simulated WrHS, which reduces AKl risk (4). However, the type of beverage
consumed during WrHS may influence kidney-related outcomes. For example, in rodent models,
rehydration with a high-fructose solution activates the intra-renal polyol—fructokinase pathway and is
accompanied by increased vasopressin concentrations, and renal inflammation, oxidative stress and
mitochondrial dysfunction (5-7). Data from our laboratory have shown that consuming a high-fructose
corn syrup (HFCS) sweetened soft drink during simulated WrHS exacerbates seemingly normal,
physiologically mediated reductions in kidney function and provokes further increases in circulating
biomarkers of AKI compared with water (8). These effects are thought to be related to fructose mediated
augmented vasopressin responses (8) and greater renal vasoconstriction (9), although hyperosmolality
may also contribute due to plasma volume contraction that occurs by drinking a hyperosmotic beverage

(10).

Occupational guidelines recommend that workers consume sport drinks when WrHS exceeds two hours
in duration, yet the optimal carbohydrate composition is not defined (11). Most commercially available
sport drinks contain sugar, but their formulations vary widely (12). Recent studies have shown that
different sport drink types have a limited effect on AKI risk during simulated WrHS (13, 14). However,
previous comparisons have not matched beverages across variables such as calories, electrolyte
concentrations, and osmolality, leaving the independent influence of sugar composition in sport drinks

unknown.

Ingestion of a commercially available sucrose-sweetened sport drink does not worsen kidney function or
elevate AKI risk versus a sugar-free sport drink during simulated WrHS (13). Therefore, the primary
objective of this study was to compare the AKI risk biomarker responses between two sport drink
formulations that differed only by fructose concentration yet are similar in calories, electrolytes,
carbohydrates and osmolality to those that are commercially available. We tested the hypothesis that
consuming a higher-fructose sport drink exacerbates AKI risk compared with a sucrose-sweetened sport
drink during a four-hour WrHS simulation. Previous work demonstrates that drinking a HFCS sweetened,

hyperosmotic, soft drink elicits renal vasoconstriction during a sympathoexcitatory test (i.e., cold pressor
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test) (9). Whether such findings translate to sport drinks, which have substantially lower energy content
and osmolality remains unknown. Therefore, the secondary objective of this study was to test the
hypothesis that consuming a higher-fructose sport drink augments renal vasoconstriction during the cold

pressor test compared to a sucrose-sweetened sport drink.

METHODS

Participants

Effect size was calculated based on previous data from our laboratory that examined the effect of
consuming a HFCS-sweetened soft drink on the increase in urinary neutrophil gelatinase associated
lipocalin, an AKI risk biomarker, following four hours of simulated WrHS. This resulted in a Cohen’s d,
effect size of 0.72. Using this effect size, sample size was estimated using G*Power 3.1.9.4 software and
the following parameters - power=80%, alpha=0.05, and a moderate correlation between repeated
measures (r=0.5). The resulting sample size calculation revealed that we needed twelve participants to

detect a statistically significant trial x time interaction in a two-way repeated measures ANOVA.

This study was approved by the Institutional Review Board at Indiana University (IRB#: 19683) and
conformed to the Declaration of Helsinki, except for registration in a database. Informed written consent
was obtained from all participants before participating in this study. Twelve healthy adults (6 women)
participated in this study. Participant characteristics are reported in Table 1. All participants were
nonsmokers and reported to be free from any known cardiovascular, renal, metabolic, neurologic, or
gastrointestinal diseases. Participants self-reported to be regularly engaged in regular moderate physical
activity 3-5 days per week (15, 16). The study was conducted throughout the calendar year in
Bloomington, IN, USA. While heat acclimatization status was not controlled, participants were studied
within the same season (e.g., summer, winter, etc.) and it is unlikely that the climate resulted in
meaningful differences in acclimatization status (17). Women were not pregnant at any point during the
study, which was confirmed via a urine pregnancy test before each trial. Women self-reported that they
were eumenorrheic and not on birth control. Women were tested throughout the menstrual cycle given
that women often undergo WrHS without regards for menstrual cycle phase and testing occurred 14 + 10

(mean £ SD) days from the onset of the last self-reported menses.

Participants visited the laboratory on three separate occasions. The first visit included screening,

familiarization, and graded submaximal exercise tests. The following two visits were experimental trials
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(see Experimental protocol) and were separated by at least three days. The mean duration between

experimental trials was 20 + 18 days.

Sport drink formulations

To accomplish the objectives of this study, we aimed to compare the effects of a fructose load like that
in a commercially available HFCS sweetened sport drink versus an equivalent commercially available
beverage sweetened with sucrose. The sucrose-sweetened beverage was designed to mimic the
composition of a popular commercially available sport drink (Gatorade G2) sweetened only with sucrose
(Sucrose). The higher-fructose beverage was designed to be identical with regards to calories,
electrolytes, and total carbohydrate content, with the exception being that the experimental beverage
was sweetened with 55% fructose and 45% glucose (Fructose55, Table 2). Food-grade HFCS was not
utilized as a sweetener because using HFCS resulted in a hyperosmotic beverage (~664 mOsm/L), which
can impair fluid absorption by increasing the net secretion of water into the intestinal lumen (10).
Moreover, there is precedent to utilize an HFCS mimic by modifying the fructose-glucose ratio, such that
previous work in rats indicates that rehydrating with a 60% fructose, 40% glucose beverage worsens AKI
provoked by heat exposure (5). In the present study, a 55% fructose, 45% glucose ratio was used because
this mimics food grade HFCS-55, which is common in sugar sweetened beverages (18). Finally, given the
chemical differences between sucrose and the combination of 55% fructose, 45% glucose sweetened
beverage it was impossible to precisely control for osmolality and keep all other aspects of the beverages
the same. Although osmolality differed between beverages, the absolute difference was modest
compared to previous soft-drink (8) and sport drink (13, 14) studies and was considered acceptable given
the need to match calories, electrolytes, and carbohydrate content. It should also be noted, that based
on current understanding, the difference in osmolality between the Sucrose and Fructose55 beverages
(see Table 2) was unlikely to result in meaningful differences in fluid absorption (19). All sport drinks
were formulated and made by the Indiana University School of Public Health — Bloomington, Nutrition
and Exercise Research Center. Notably, a non-caloric control beverage (e.g., water or a sugar-free sport
drink) was not included in the study for two reasons — 1) occupational heat stress and hydration
recommendations suggest that workers consume a sport drink containing electrolytes when work /
exposure to heat stress exceeds two hours (11), and 2) previous evidence indicates that drinking a
commercially available sucrose-sweetened sport drink does not worsen kidney function or elevate AKI

risk versus a sugar-free sport drink (13). Hence, the Sucrose beverage served as the control beverage.
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Experimental protocol

This study employed a block randomized, double-blind crossover design. Participants kept a diet log for
24 hours prior to the start of each experimental visit. Participants were encouraged to replicate their diet
and fluid intake from the first visit during the second visit. Prior to arrival, participants were instructed to
drink a pre-calculated volume of water equivalent to 0.5% of their body mass two hours prior to each
experimental visit to ensure they were equally well hydrated for both experimental visits. Participants
arrived at the laboratory for the two experimental visits, having refrained from strenuous exercise,
alcohol, and caffeine for 12 hours and from food for 2 hours. A timeline of each experimental trial can be

found in Figure 1.

Upon arrival, participants provided a urine sample by completely voiding their bladder into a collection
urinal. Euhydration was confirmed via a urine specific gravity of <1.025 (20). Participants were then
weighed nude in a private room. Participants then assumed a supine position, and a venous blood
sample was taken after 20 minutes to account for shifts in plasma volume due to changes in posture
(21). The assigned sport drink was then consumed within a 5-minute period. Participants then re-
assumed a supine position and rested for 30 minutes, after which a second venous blood sample was
collected before commencing the CPT. Following the CPT, a post-drink urine sample was collected (Figure
1). Consistent with the secondary purpose of this study, this before WrHS assessment was specifically
designed to examine the acute effects of sport drink ingestion on renal hemodynamics. The
measurements and measurement timing were modeled after the study by Chapman et al. (9), which

examined the renal vascular response to consumption of a soft drink sweetened with HFCS.

Immediately following the before WrHS assessment, participants measured their nude body mass and
then donned a standard work clothing ensemble, which included a white cotton short sleeved
undershirt, a long-sleeved button-up over shirt, and worker pants, with women also wearing a sport bra.
Following pre-chamber baseline measurements, participants entered a hot and humid environmental
chamber (38.5 £ 0.7°C; 41 + 3% relative humidity). These conditions were chosen because outdoor
workers in the U.S. (e.g., construction, agriculture, etc.) are often exposed to this level of environmental
heat (22, 23). Following initial measurements taken in a standing position, participants then engaged in
four hours of simulated WrHS. Each hour consisted of 3 cycles of 10 minutes of walking on a treadmill
and 5 minutes of rowing exercise, for a total of 45 minutes of work, followed by 15 minutes of seated

rest, which is the approximate work-to-rest ratio recommended for agriculture workers at known risk of
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AKI due to WrHS (24). During each rest period, participants were given 500 mL of the assigned sport
drink, totaling four drinks (2000 mL) over the four hours. We have shown previously that this volume of
fluid replacement results in modest reductions in body mass during similarly intense WrHS simulations
(8). The external workload was set to elicit five metabolic equivalents, which was determined during the
initial visit to the laboratory. This workload was chosen because it falls within the range of light to
moderate work intensity documented to be experienced by outdoor workers (25). We have previously
used rowing ergometry to simulate work tasks that utilize upper and lower body continuous work (26).
The use of rowing allows for a whole body, continuous motion utilizing large muscle groups in the legs
(drive phase), back, shoulders, and arms (pull phase), better mimicking manual tasks like raking,

shoveling, or manual harvesting compared to treadmill walking alone (27).

Immediately after leaving the chamber, post-WrHS urine was collected. Participants then toweled off
prior to the measurement of nude body weight. Participants assumed the supine position, and post-
exposure venous blood samples were taken 20 minutes later. Participants were then given an additional
500 mL of their assigned sport drink and reassumed a supine position for at least 30 minutes before a
venous blood sample was obtained approximately 75 minutes following the end of the WrHS simulation.
The after-WrHS CPT then commenced which permitted assessment of the comparative effects of
Fructose55 and Sucrose on renal vasomotor responses following simulated WrHS, with CPT testing
conducted at the equivalent time point after ingestion of the final 500 mL sport drink dose as during the
pre-WrHS CPT. Another urine sample was collected immediately following the CPT, after which the
carbon monoxide rebreathing test commenced. Lastly, participants provided a recovery nude weight

before leaving the laboratory.

Participants returned to the laboratory approximately 24 hours from the beginning of their experimental
trial for a final urine and venous blood sample. During the overnight period, participants were not given
specific instructions except to relax and not undertake any exercise until arriving at the laboratory the
following morning. Participants were instructed to record all food and beverage items and volumes from
the time leaving the experimental visit until the 24-hour follow-up visit the following day to help

replicate their overnight diet for their next experimental visit.

Measurements
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Anthropometric, thermal and cardiovascular measures: Height and nude body weight were measured

using a stadiometer (Seca, Hamburg, Germany) and scale (Sauter, Balingen, Germany). Percent changes
in body mass were calculated as the difference between postexposure and preexposure nude body mass
divided by preexposure body mass, multiplied by 100. Sweat rate was calculated from the change in
nude body weight adjusted for fluid intake and output. Core temperature was measured by participants
self-inserting a rectal temperature probe approximately 10 cm past the anal sphincter. Skin temperatures
were measured using four thermocron iButtons (Maxim Integrated, San Jose, CA) attached to the right
side of the body on the chest, triceps brachii, quadriceps, and posterior calf and weighted mean skin
temperature was calculated accordingly (28). Systolic and diastolic blood pressure were measured using
electrosphygmomanometry (Tango M2 Stress Test Monitor, Morrisville, NC, USA; or Omron Hoffman
Estates, lllinois, USA). Mean arterial pressure was calculated as diastolic pressure plus one-third pulse
pressure. Percent of age predicated maximal heart rate was calculated as heart rate divided by the

maximal age-predicted heart rate (29) multiplied by 100.

Hydration and kidney function: Urine specific gravity was measured in duplicate via refractometry

(ATAGO Co., Ltd, Tokyo, Japan). Urine flow rate was calculated as urine volume divided by the duration of
time between urine collection periods and was determined over two periods: approximately 360
minutes from baseline to post-WrHS and about 75 minutes from post-WrHS to recovery. Hemoglobin
concentrations were measured in duplicate using the Hemopoint H2 device (Alere, Orlando, FL), and
hematocrit was assessed in triplicate by microcentrifugation (30). Plasma and urine osmolality were
evaluated in duplicate via freezing-point depression (model 3250; Advanced Instruments, Norwood,
MA). Osmolar clearance (Cosm) was calculated by multiplying urine flow rate (V) by the ratio of urine
(Uosm) to plasma (Posm) osmolality (Cosm =V x Uosm/Posm) (31). Free water clearance (CH,0) was
derived by subtracting Cosm from urine flow rate (CH,O =V — Cosm) (31). Biomarkers in urine and serum
related to inflammation, oxidative stress, acute kidney injury (AKI) risk, kidney function, and intestinal
permeability were analyzed using standardized commercial methods at the Center for Diabetes and
Metabolic Diseases Translation Core in the Indiana University School of Medicine (described below).
Serum electrolytes, glucose, creatinine and albumin and urinary electrolytes, creatinine, and albumin
were obtained from comprehensive metabolic profile panels run by the Indiana University Health
Pathology Laboratory. All urinary markers were normalized to specific gravity (denoted using subscript
USG) prior to statistical analysis to account for variations in urine concentration across repeated spot

urine samples (32), consistent with prior studies (4, 8, 26, 33). The advantage of normalizing to specific
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gravity is that the units are unchanged, aiding data interpretation. Urinary biomarkers have also been
normalized to urine flow rate (denoted using subscript UFR) providing an index of biomarker excretion
rate. That said, it should be noted that the a priori primary outcome variables are the urinary markers
normalized to specific gravity. Creatinine clearance, serving as an estimate of glomerular filtration rate,
was calculated as the product of urine flow rate and the ratio of urine to serum creatinine
concentrations. The fractional excretions of sodium and potassium were calculated using serum and
urine concentrations of these electrolytes, along with changes in creatinine concentrations. Serum
copeptin, a stable surrogate marker for arginine vasopressin, was measured using a commercially
available immunoassay [Vector laboratories, Inc., Newark, CA: Isbio, LS-F26731-1 (intra-assay CV: 7.6%,

lower limit of detection: 7.8 pg/mL)].

Acute kidney injury risk: Urine insulin-like growth factor-binding protein 7 (IGFBP7), which is

preferentially secreted in the renal proximal tubules, and urine tissue inhibitor metalloproteinase 2
(TIMP-2), which is preferentially secreted in the renal distal tubules, are markers of G1 cell cycle arrest in
renal epithelial cells (34, 35). IFGBP-7 and TIMP-2 were measured with commercially available ELISA kits
[RayBiotech Life, Inc., Peachtree Corners, GA, USA: RayBio human IGFBP-7; ELH-IGFBPRP1-1 (intra-assay
CV: 10%, inter-assay CV: 12%, lower limit of detection: 0.065 ng/mL) and RayBio human TIMP-2; ELH-
TIMP2-1 (intra-assay CV: 10%, inter-assay CV: 12%, lower limit of detection: 2 pg/mL)]. Consistent with
the FDA-approved indication in clinical settings, the product of urinary IGFBP7 and TIMP-2
([IGFBP7TIMP-2]) provided an index of AKI risk (36). Kidney injury molecule-1 (KIM-1), an established
biomarker of proximal tubular injury (37), was measured in urine samples using commercially available
ELISA kits [Mesoscale Diagnostics LLC, Rockville, MD, USA: KIM-1 mesoscale; K1514UR-2 (intra-assay CV:
2.7%, inter-assay CV: 6.5%, lower limit of detection: 10 pg/mL)]. Urine KIM-1 has demonstrated utility in
detecting early tubular damage (37, 38). Neutrophil gelatinase-associated lipocalin (NGAL), another
sensitive marker of tubular injury (39), was quantified in urine using commercially available ELISA kits
[Meso Scale Diagnostics, Rockville, MD, USA: U-PLEX Human NGAL mesoscale; K151Z1K-1 (intra-assay
CV: 4.8%, inter-assay CV: 14%, lower limit of detection: 0.78 pg/mL)]. Urine NGAL is an established
biomarker of AKI across a range of conditions (40, 41). Urine (intra-assay CV: 1.7%, lower limit of
detection: 2.2 mg/dL) and serum (intra-assay CV: 1.9%, lower limit of detection: 0.2 mg/dL) uric acid
concentrations were measured using a Roche Analyzer (F. Hoffmann-La Roche AG, Indianapolis, IN).
Elevated uric acid is associated with ingestion of fructose (42), which may lead to an increased risk of AKI

during heat stress and dehydration (43, 44).

10
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Inflammation: Monocyte chemoattractant protein-1 (MCP-1), a proinflammatory cytokine (45), was
evaluated in both urine and serum. Urinary MCP-1 levels rise in clinical AKI due to increased renal
expression (46), and are linked to reduced kidney function in Mesoamerican agricultural workers (47).
Serum MCP-1 serves as an indicator of systemic inflammation (48, 49). MCP-1 in serum and urine was
measured using commercially available ELISA kits [Meso Scale Diagnostics, Rockville, MD, USA: V-PLEX
Human MCP-1 mesoscale; KISINND (intra-assay CV: 11.2%, inter-assay CV: 8.9%, lower limit of
detection: 0.09 pg/mL)]. Additional systemic inflammatory markers, interleukin-6 (IL-6; intra-assay CV:
4.5%, inter-assay CV: 7.3%, lower limit of detection: 0.06 pg/mL) and tumor necrosis factor-alpha (TNF-o;
intra-assay CV: 3.4%, inter-assay CV: 10.1%, lower limit of detection: 0.04 pg/mL) were analyzed in serum
using high-sensitivity multiplex assays (Meso Scale Diagnostics, Rockville, MD, USA: V-PLEX Human
Proinflammatory Panel I; K15052D-1). IL-6 is rapidly produced in response to heat stress and exercise,
reflecting both muscle-derived myokine activity and systemic inflammatory signaling (50-52). TNF-q, a

key pro-inflammatory cytokine, has been implicated in the pathogenesis of AKI (53-55).

Oxidative stress: Thioredoxin-1 (TRX-1), a redox-regulating protein (56), was also assessed. Urinary TRX-1

has been shown to increase during prolonged passive heat stress (33), and reflects oxidative stress
and/or hypoxia from proximal tubular epithelial cells (57). Serum TRX-1 is recognized as a diagnostic and
prognostic biomarker in many clinical conditions (58—60). TRX-1 in serum and urine was measured using
commercially available ELISA kits [Thermo Fisher Scientific, Waltham MA, USA: Invitrogen Human
Thioredoxin-1 mesoscale; EH451RB (intra-assay CV: 10%, inter-assay CV: 12%, lower limit of detection:

0.2 ng/mL].

Gastrointestinal permeability: Serum intestinal fatty acid binding protein (I-FABP), which is specifically

expressed in intestinal enterocytes, was measured as a marker of gastrointestinal permeability. Elevated
serum |-FABP concentrations indicate enterocyte damage (61), and levels have been reported to increase
during physical work (exercise) in the heat (62—65). Serum lipopolysaccharide binding protein (LBP), a
marker of bacterial translocation resulting from gut permeability (66), rises with prolonged heat stress
(67) and exercise in the heat (68, 69). Serum concentrations of I-FABP and LBP were determined using
commercial ELISA kits [Meso Scale Diagnostics, Rockville, MD, USA: R-Plex Human I-FABP Mesoscale
(intra-assay CV: 4.1%, lower limit of detection: 27 pg/mL); K151M4R-2 and R-Plex Human LBP Mesoscale;
K151K5R-2 (intra-assay CV: 3.4%, lower limit of detection: 101 pg/mL)].

11
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Renal perfusion: Renal and segmental artery blood velocity was used as a marker of renal perfusion (70).

Renal and segmental artery blood velocity was measured via Doppler ultrasound (Toshiba Aplio 300,
Canon Medical Systems) using a phased-array transducer (2.5-3.5 MHz) in the coronal approach with the
participant in the left lateral recumbent position. All measurements were made with the participant in
the same position. Indelible ink was used to mark the transducer location during the first baseline
measurement. Participants were instructed to perform a mid-exhalation non-Valsalva breath hold for no
longer than 10 seconds during the ultrasound measurement. Baseline mean renal and segmental artery
velocities were measured over 2-4 cardiac cycles. All blood velocity measurements were obtained by the
same sonographer (E. Tourula) with a within-subject test-retest coefficient of variation for renal and
segmental artery blood velocity measurements of 4.0 + 0.3 % and 3.8 £ 0.6 %, respectively. The renal
vasculature is at a depth where it is not possible to measure vessel diameter using Doppler ultrasound
accurately. Therefore, renal and segmental artery blood velocity was interpreted to reflect renal blood
flow because reductions in renal blood flow during pharmacological intervention have been shown to be
due to decreases in blood velocity and not changes in vessel diameter (71, 72). Renal and segmental
artery vascular resistance was calculated as mean arterial pressure divided by segmental artery blood

velocity.

As we have done previously (9, 73, 74), participants completed a cold pressor test (CPT) to assess
changes in renal vascular control to sympathetic stimulation before and after simulated WrHS (see
details below). Following initial measurement of renal and segmental artery renal blood velocity, blood
pressure, and heart rate, the CPT commenced by placing the participant’s right hand in agitated ice
water (0.9 + 0.3°C) up to the wrist for two minutes. Blood pressure, heart rate, and renal segmental
artery blood velocity were measured during each minute throughout the CPT. Renal segmental artery
velocity was used during the CPT because only one artery could be measured accurately without moving
the transducer while the renal segmental artery is comparatively more responsive to heat stress during

the CPT than the renal artery (73).

Plasma volume measurement: Carbon monoxide (CO) rebreathing was used to measure total

hemoglobin mass, from which total blood volume and plasma volume were calculated (75, 76). Briefly,
following 20 minutes of supine rest, the CO rebreathing procedures consisted of a bolus of 99.5%

chemically pure CO in the amount of 1.0 mL per kg body weight delivered via a 100 mL syringe and

12

Downloaded from journals.physiology.org/journal/ajpregu at CDC Information Center (158.111.236.095) on June 17, 2026.



341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371

inhaled by the participant. While remaining in the supine position, the participant rebreathed for 2
minutes from a closed spirometer system connected to a 5 L anesthetic bag filled with 100% oxygen.
Before the start of the rebreathing, venous blood was collected. At 8 and 10 minutes after the start of
rebreathing, finger-prick blood samples were collected in duplicate. The collected venous and capillary
blood was sampled by a blood gas analyzer (0SM3, Radiometer) for the determination of carboxy-
hemoglobin concentration, which permitted calculation of hemoglobin mass. Assuming that hemoglobin
mass is unaffected by four hours of simulated WrHS (77) absolute plasma volume was calculated from

total blood volume minus erythrocyte volume at each timepoint.

Data and statistical analyses

Before WrHS, resting (minute-0) renal perfusion and hemodynamic data were collected from twelve
participants. In the Sucrose trial, twelve participants contributed CPT data at minute-1 and eleven at
minute-2. In the Fructose55 trial, segmental artery blood velocity was obtained from twelve participants
at minute-1 and eleven at minute-2, and blood pressure and heart rate were available for eleven
participants at both time points. Accordingly, segmental artery vascular resistance was calculated for
twelve participants at minute-1 and eleven at minute-2 in the Sucrose trial, and for eleven participants
at both time points in the Fructose55 trial. Missing data resulted from equipment malfunction or poor
Doppler image quality. During WrHS, one Fructose55 participant stopped exercising at 2 h 30 min due to
lightheadedness, remained seated to consume the third drink, exited the chamber at 2 h 45 min, and
consumed the fourth drink over the next 30 minutes. Another Fructose55 participant completed
exercise but was removed from the chamber during hour four after reaching the IRB-mandated core
temperature cutoff (39.5°C) and consumed the final drink within 15 minutes outside the chamber. In the
Sucrose trial, one participant stopped at 3 h 40 min due to nausea and completed the rest period and
final drink outside heat exposure. All deviations occurred in the first trial and were replicated in the
second. After WrHS, resting renal perfusion and hemodynamic measurements were again obtained from
twelve participants. In the Sucrose trial, twelve participants had CPT data at minute-1 and eleven at
minute-2. In the Fructose55 trial, CPT data were available for eleven participants due to one unusable
dataset. Thus, segmental artery vascular resistance was calculated for eleven participants at both time
points in the Fructose55 trial, and for eleven at minute-1 and twelve at minute-2 in the Sucrose trial.
Missing data were due to equipment malfunction or inadequate Doppler imaging. Seven Fructose55 and

nine Sucrose participants completed the carbon monoxide rebreathing test; missing data were due to
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equipment malfunction or difficulty obtaining carbon monoxide. Plasma volume data reflect these

sample sizes.

For the primary objective (i.e., AKI risk during WrHS), the analysis focused on blood and urine samples
collected immediately following arrival (i.e., baseline), post-WrHS, at recovery and 24-hours post-. The
resulting data, together with the temporal cardiovascular and thermoregulatory data collected during
WTrHS, were analyzed with two-way linear mixed models with repeated measures of both trial and time.
For the secondary objective (i.e., acute effects of sport drink consumption), the analysis focused on
blood and urine samples collected at baseline and following the first drink (Drink #1). The resulting data
were analyzed using two-tailed paired t-tests. The before WrHS and after WrHS CPT data were analyzed
as a change from minute zero of the CPT to isolate the effect of the cardiovascular and renal vascular
response to sympathetic stimulation. These data were analyzed with independent two-way linear mixed
models with repeated measures of both trial and time. The cardiovascular and renal vascular data at
minute zero of the CPT were compared using two-tailed paired t-tests. The effect of WrHS on the
responses to the CPT were explored by comparing peak changes in the cardiovascular and renal vascular
responses in the Sucrose and Fructose55 trials using two-way linear mixed models with repeated
measures of both trial and time. Two-tailed paired t-tests were used to examine differences in nude body
mass loss and sweat rate between trials. In all instances, data were checked for a normal distribution via
visual inspection of predicted and actual residuals (i.e., QQ plots). Data determined to be not normally
distributed were either Logio transformed before executing the linear mixed models (i.e., urinary IGFBP7,
[IGFBP7 e TIMP-2], NGAL and TRX-1 normalized to urine specific gravity, all urinary markers when
normalized to urine flow rate, and serum TRX-1, MCP-1, IL-6 and TNF-a). When applicable, the Geisser—
Greenhouse correction was applied if sphericity could not be assumed. If a significant interaction or main
effect of trial was identified in the linear mixed models, post hoc analyses were completed with Sidak’s
multiple comparisons tests. All data were analyzed with GraphPad Prism software (version 8; La Jolla,
CA). Statistical significance was set a priori at p £ 0.05, and actual p-values are reported where possible.

Data are presented as mean * SD and individual values where possible.

Results

Before WrHS
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Resting renal and segmental artery perfusions are presented in Table 3. In summary, resting renal artery
and segmental artery blood velocity and vascular resistance did not differ between the Fructose55 and

Sucrose trials (p 2 0.377) after consuming a 500 mL sport drink.

Changes in segmental artery perfusion and hemodynamic data during the CPT are presented in Figure 2.
To summarize, segmental artery blood velocity decreased over time (Main effect of Time: p = 0.048) but
did not change differently between trials (Time x Trial: p = 0.529). Segmental artery vascular resistance
increased over time (Main effect of Time: p < 0.001) and changed differently between trials (Main effect
of Trial: p = 0.017). Post hoc pairwise comparisons indicated the increase in segmental artery vascular
resistance was greater in the Sucrose trial at 2 minutes (Sucrose: +2.0 + 0.9 mmHg/cm/s; Fructose55:
+1.3 £ 1.0 mmHg/cm/s; p = 0.038). Mean arterial pressure increased during the CPT (Main effect of
Time: p < 0.001) and changed differently over time (Time x Trial: p < 0.001). Post hoc pairwise
comparisons indicated the increase in mean arterial pressure was greater in the Sucrose trial at 1 minute
(Sucrose: +21 + 8 mmHg; Fructose55: +14 £ 9 mmHg; p = 0.001) and 2 minutes (Sucrose: +25 + 7 mmHg;
Fructose55: +20 + 10 mmHg; p <0.033). Heart rate increased during the CPT (Main effect of Time: p <

0.001), but the increase in heart rate did not differ between trials (Time x Trial: p = 0.993).

Serum and urinary markers of fluid and electrolyte control before (Baseline) and after (Post Drink #1)
acute consumption of the assigned 500 mL sport drink are reported in Table 4. In summary, serum
glucose indicated an effect of time (Main effect of Time: p = 0.014) but changed differently over time
(Time x Trial: p = 0.011). Post hoc comparisons indicated serum glucose was higher at Post Drink #1 in
the Sucrose trial (107 + 20 mg/dL) compared to the Fructose55 trial (90 + 12 mg/dL; p = 0.011). Urine
and serum creatinine, sodium, potassium all decreased (Main effect of Time: p < 0.006) but did not
change differently between trials (Time x Trial: p 2 0.369). Urine flow rate and creatinine clearance
increased over time (Main effect of Time: p < 0.046) but did not change differently between trials (Time x

Trial: p 2 0.688).

During and after WrHS

Thermoregulation and fluid regulation

Core and mean skin temperature data are presented in Figure 3. In summary, core temperature
increased during WrHS in both trials (Main effect of Time: p < 0.001) but was not different between trials

(Time x Trial: p=0.180). Mean skin temperature increased over time (Main effect of Time: p < 0.001) in
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both trials. Heart rate data during WrHS is also presented in Figure 3. To summarize, heart rate increased
over time in both trials (Main effect of Time: p < 0.001) but did not change differently between trials
(Time x Trial: p = 0.380). Similarly, heart rate when represented as a percentage of age predicted
maximal heart rate increased in both trials over time (Main effect of Time: p < 0.001) but did not change

differently between trials (Time x Trial: p = 0.605).

Hydration-related measures are presented in Table 5. In summary, percent changes in nude body mass
(Wilcoxon: p = 0.466) and whole-body sweat rate (Wilcoxon: p = 0.910) did not differ between trials.
Likewise, plasma volume, serum osmolality, urine osmolality, and urine specific gravity did not differ

between trials (Time x Trial: p > 0.341).

Kidney Function and AKI Risk Biomarkers

Markers of kidney function and electrolyte and fluid balance are presented in Tables 6 and 7. To
summarize, serum creatinine, creatinine clearance, and serum albumin increased over time (Main effect
of Time: p £0.013) but there were not different between trials (Time x Trial: p 2 0.409). Osmolar and
free water clearance increased over time (Main effect of Time: p £ 0.027) and were not different
between trials (Time x Trial: p 2 0.144). Although free water clearance had an effect of trial (Trial: p =
0.039), post hoc comparisons did not indicate a difference between trials at any timepoint. Serum and
urine sodium, and fractional excretion of sodium decreased, while urine potassium increased over time
(Main effect of Time: p < 0.029) but were not different between trials (Time x Trial: p > 0.116). Serum
glucose increased over time (Main effect of Time: p = 0.030) and changed differently between trials
(Time x Trial: p = 0.005). Post hoc comparisons indicated a greater increase in serum glucose in the

Sucrose trial at Recovery (Sucrose: 1.8 + 2.9 mg/dL; Fructose55: 0.5 + 1.6 mg/dL; p = 0.003).

Markers of AKl risk are presented in Figure 4 and Table 8. To summarize, urinary IGFBP-7ysg and TIMP-
2usc individually and as a product [IGFBP-7eTIMP-2] ysg increased over time (Main effect of Time: p <
0.004), but there were no differences between trials over time (Time x Trial: p 2 0.375). Likewise, serum
uric acid and urinary KIM-1ysc increased over time (Main effect of Time: p £ 0.015) but did not differ
between trials (Time x Trial: p 20.251). Urinary NGAL ysc and uric acid ysg did not show an effect of time
(p 2 0.266) or time x trial (p = 0.238). Urinary markers of AKI risk normalized to urine flow rate did not
meaningfully differ from when these markers were normalized to specific gravity. Specifically, IGFBP-7 yer

and TIMP-2 ygr increased over time (Main effect of Time: p <0.002), but there were no differences
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between trials over time (Time x Trial: p 2 0.238). Likewise, urinary excretion of KIM-1yr and NGAL yer
increased over time (Main effect of Time: p <0.014) but did not differ between trials (Time x Trial: p

20.135).

Oxidative stress biomarkers

Oxidative stress serum and urinary biomarkers are presented in Table 9. To summarize, serum TRX-1 did
not change over time (Main effect of Time: p > 0.079) but indicated a difference between trials (Main
effect of Trial: p = 0.040). Post hoc comparisons did not indicate a difference between the Fructose55
and Sucrose trial at any time point (p = 0.105). Urinary TRX-1ysc did not change over time (Main effect of
Time: p = 0.388) and did not change differently between trials (Time x Trial: p = 0.150). Urinary TRX-1yer
did increase over time (Main effect of Time: p = 0.013) and did not change differently between trials

(Time x Trial: p = 0.069).

Inflammation biomarkers

Serum and urinary inflammation biomarkers are presented in Table 9. To summarize, serum and urinary
MCP-1ysc increased over time (Main effect of Time: p < 0.026) but did not change differently between
trials (Time x Trial: p 2 0.131). Serum IL-6, but not TNF-a (p = 0.379), increased over time (Main effect of
Time: p < 0.001), but both were not different between trials (Time x Trial: p > 0.290). Urinary TRX-1yer
did increase over time (Main effect of Time: p = 0.013) and did not change differently between trials

(Time x Trial: p = 0.069).

Gut permeability

Gut permeability biomarkers are presented in Table 9. To summarize, serum LBP increased over time
(Main effect of Time: p < 0.001) but were not different between trials (Time x Trial: p = 0.219). Increases
in serum I-FABP were not significant over time (Main effect of Time: p = 0.055) and were not different

between trials (Time x Trial: p = 0.546).

Renal perfusion

Resting renal and segmental artery perfusion and hemodynamics following 4 h WrHS are presented in
Table 10. In summary, mean arterial pressure, heart rate, renal artery and segmental artery blood
velocity, vascular resistance did not differ between the Fructose55 and Sucrose trials (p = 0.444)

following WrHS.
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Indices of segmental artery perfusion and hemodynamic data during the CPT are presented in Figure 5.
To summarize, segmental artery blood velocity decreased during the CPT (Main effect of Time: p = 0.007)
but did not differ between trials (Time x Trial: p = 0.606). Segmental artery vascular resistance increased
during the CPT (Main effect of Time: p < 0.001) but was not different between trials (Time x Trial: p >
0.456). Mean arterial pressure increased during the CPT (Main effect of Time: p < 0.001) but did not
differ between trials (Time x Trial: p = 0.879). Heart rate increased during the CPT (Main effect of Time: p
= 0.005) but and did not differ between trials (Time x Trial: p = 0.928).

Peak changes in blood pressure, heart rate and segmental vascular resistance, and reductions in
segmental blood velocity in response to the CPT before and after WrHS are presented in Figure 6. To
summarize, peak changes in mean arterial pressure, were greater in the CPT that occurred before-WrHS
(Main effect of Time: p = 0.021), but these changes did not differ between trials (Time x Trial: p = 0.182).
Peak changes in heart rate and segmental artery vascular resistance as well as reductions in segmental
blood velocity during the CPT were not different from before-WrHS to after-WrHS (Main effect of Time: p
> 0.099) and did not change differently between trials (Time x Trial: p 2 0.204).

Discussion

The primary objective of this study was to compare the effect of consuming a higher-fructose sport drink
with a sucrose-sweetened sport drink matched for energy, total carbohydrates, and electrolyte content
and relatively well matched for osmolality on AKI risk during a four-hour WrHS simulation. The secondary
objective was to determine the acute effect of a single 500 mL dose of these sport drinks on renal
hemodynamics during a sympathoexcitatory stimulus (i.e., CPT). The main findings are: 1) Drinking a
higher-fructose sport drink does not exacerbate AKI risk during four hours of simulated WrHS compared
to drinking a sucrose-sweetened sport drink (Figure 4). And 2) a single 500 mL dose of a sucrose-
sweetened sport drink elicits a greater increase in mean arterial pressure and segmental vascular
resistance compared to a higher-fructose sport drink (Figure 2). Collectively, these findings do not
support our hypothesis that drinking a higher-fructose sport drink throughout four hours of simulated
WTrHS exacerbates elevations in biomarkers of AKI risk and renal vascular resistance during a

sympathoexcitatory stimulus compared to a sucrose-sweetened sport drink.

AKl risk during- and after- WrHS
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Hydrating with both a higher-fructose and sucrose-sweetened sport drink elicited an increase in AKI risk
(i.e., [IGFBP7-TIMP-2]ysc) during simulated WrHS (Figure 4) and the magnitude of the observed increase
in these biomarkers is largely consistent with that observed in both lab- (26, 78—-80) and field- (2) based
studies. Increases in [IGFBP7-TIMP-2]ysc were due to elevations in both IGFBP7 and TIMP-2, a finding
supported by previous work examining AKI risk during simulated WrHS (4, 26, 78). As an aside, it is
notable that the urinary markers of AKI risk normalized to urine flow rate did not meaningfully differ
from when these markers were normalized to specific gravity, the exception being urinary NGAL that
demonstrated the expected increases when expressed as excretion rate but not when normalized to
urine specific gravity (Table 8). Nevertheless, and contrary to our hypothesis, the consumption of a
higher-fructose sport drink did not exacerbate the increase in AKI risk biomarkers following simulated
WTrHS (Figure 4). This is in contrast with the study by Chapman et al., (8), who reported that HFCS-
sweetened soft drink consumption elevated AKI risk. In the present study, sport drink formulations were
designed to be matched for total energy, total carbohydrates and electrolytes, and relatively well
matched for osmolality (Table 2). Matching sport drink constituents allowed comparisons of sugar type,
with a modest, and likely a physiologically inconsequential (19), difference in osmolality (of ~133
mOsm/L). Interestingly, our findings are strongly aligned with the two previous studies that have
attempted to answer this question previously, albeit with some limitations. Specifically, Atkins et al. (14)
identified that AKI risk following two hours of simulated WrHS did not differ between a commercially
available sport drink sweetened with HFCS compared to water with non-caloric sweetener. These
findings were seemingly corroborated by Lignier et al. (13) who found that AKI risk following four hours
of simulated WrHS did not differ between commercially available sucrose-sweetened and non-caloric
sport drinks. Given that these previous studies were unable to comprehensively control for other
beverage constitutions (13, 14), the present study provides direct evidence that modest differences in

fructose content in sport drinks does not differentially elevate AKI risk.

Atkins et al. (14) proposed that a threshold level of fructose intake may need to be reached before
significant differences in AKI risk become apparent during or after WrHS. It is worth noting that previous
soft drink studies administered a total fructose load of 276 g (8), whereas in previous commercially
available sport drink studies, Atkins et al. (14) administered a more moderate amount of fructose (~145
g total), and Lignier et al., (13) administered a relatively low amount of fructose (50 g). Notably, the
Sucrose condition in the current study had a similar the fructose load per milliliter compared with the

sport drink trial of Lignier et al. (13) given that the Sucrose trial in our study mimicked Gatorade G2.
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However, due to differences in volume consumed, the calculated total fructose load was 84 g in the
Sucrose trial. Moreover, the total fructose load of 92.4 g in the Fructose55 trial is ~1.5x less than that in
Atkins et al. (14) and ~3x less than the HFCS soft drink study (8). It has been proposed that the relatively
small fructose load in previous sport drink studies could explain the lack of differences in AKI risk
between different types of sport drinks (13, 14). This contention is supported by observations in the
present study, as the fructose load difference between trials was only 8.4 g, and there were no
differences in AKI risk between sport drinks. It is worth noting that this small difference in fructose
content was intentional, as our goal was to isolate the effect of fructose at a concentration consistent
with commercially available sport drinks, while holding constant other beverage characteristics (e.g.,
electrolytes, total carbohydrate content, and energy), an approach that was designed to directly inform
the sugar composition of sport drinks from the perspective of kidney health during WrHS. Nevertheless,
it is likely that this modest difference in fructose load was not sufficient to differentially modify the renal
and/or systemic inflammation and oxidative stress (Table 9) or differences in renal vascular control (Table
10, Figure 5), which have been linked to AKI risk in the context of WrHS (8, 9, 26, 74). Thus, the present
study provides strong evidence that modestly elevated fructose content in sport drinks does not increase

AKI risk.

In the present study, the sport drinks were relatively well matched for osmolality. To this point, the HFCS-
sweetened soft drink used previously (8) was extremely hyperosmotic (~834 mOsm/kg), which likely
promoted a shift of water into the intestinal tract leading to reductions in plasma volume (10). Decreases
in plasma volume and increases in plasma osmolality lead to the release of angiotensin Il, via activation
of the renin-angiotensin-aldosterone system, and the release of vasopressin (81). Angiotensin Il causes
renal sodium reabsorption (82, 83), vasoconstriction in the renal afferent and efferent arterioles (84),
and the release of aldosterone, leading to more sodium reabsorption (85). Vasopressin increases water
reabsorption (86) and induces vasoconstriction of the efferent kidney arterioles (87). In the context of
WrHS, all of these factors could exacerbate energy utilization in the kidneys, resulting in ATP depletion
that may promote renal interstitial inflammation (5, 7) and oxidative stress (43). Thus, a primary role for
beverage osmolality in modifying AKI risk may be likely in the context of WrHS. For example, in contrast
to the HFCS-sweetened soft drink study (8), in the present study copeptin, a marker of vasopressin (88),
was not different from baseline (Table 7), observations that can likely be attributed to differences in

beverage osmolality between soft drinks and sport drinks.
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Not controlling for sport drink electrolyte content is also an important consideration in previous studies.
For example, while Atkins et al. (14) reported that a commercially available sport drink sweetened with
HFCS had approximately half the osmotic load of a soft drink (~420 mOsm/kg) and did not modify AKI
risk during simulated WrHS compared to water containing a noncaloric sweetener, the water containing
a noncaloric sweetener had very low electrolyte content (15 mg vs. 666 mg of sodium per serving). Thus,
in the water condition the requirement for sodium reabsorption may have been increased, which could
have elevated the work of the kidneys (89). Therefore, it remains possible that the effect of the fructose
load from the HFCS sweetened sport drink on AKI risk was masked by the increased demand for
electrolyte reabsorption in the water containing noncaloric sweetener. The present study overcame this
limitation by matching the sport drinks for electrolyte content to ensure the need for electrolyte
reabsorption did not differ between Fructose55 and Sucrose (e.g., 210 mg Na* and 65 mg K*). In the
present study, this was confirmed by the lack of observed differences in measures of electrolyte and fluid
reabsorption (e.g., free water clearance, fractional excretion of sodium) and kidney function (e.g.,
creatinine clearance) between the Fructose55 and Sucrose trials (Tables 6 & 7). Collectively, given that
AKI risk was elevated in all conditions, independent of sport drink type (Figure 4, (13, 14)), future
research should examine the independent effects of beverage osmolality and electrolyte concentrations
as a means to optimize hydration beverage composition to best alleviate WrHS provoked elevations in

AKI risk.

Before WrHS - Renal hemodynamics following a single 500 mL dose of sport drink

Previous research has identified that consuming a HFCS-sweetened soft drink, compared to water,
augments vascular resistance in the segmental renal artery both at rest and during the CPT (9). In this
same study, it was identified that the augmented renal vasoconstriction was primarily due to HFCS in the
soft drink and not necessarily osmolality, caffeine or energy content (9). The present study aimed to
determine the isolated, acute effects of consuming a higher-fructose sport drink versus a sucrose-
sweetened sport drink on renal hemodynamic responses to sympathetic stimulation. To this end, it is
noteworthy that no differences in resting renal hemodynamics were observed from baseline to Post
Drink #1 in either trial (Table 3). Moreover, in contrast to the augmented blood pressure response
observed previously with acute HFCS-sweetened soft drink consumption (9), we found that the Sucrose
trial elicited a comparatively augmented increase in mean arterial pressure and segmental vascular
resistance during the CPT versus the Fructose55 trial (Figure 2). While surprising, this heightened pressor

/ renal vasoconstrictor response is likely attributable to the higher serum glucose levels in the Sucrose
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trial versus the Fructose55 trial (Table 3). This observation is supported by previous research
demonstrating that ingestion of a glucose sweetened beverage augments the blood pressure response to
the CPT, which was associated with the rise in blood glucose despite that circulating insulin
concentrations were reduced (90). Additional observations support that acute glucose ingestion acutely
raises blood pressure, a response that is only weakly associated with insulin sensitivity (91). When
considered together, these findings suggest that the differential blood pressure response following a
single 500 mL dose of a higher-fructose or sucrose-sweetened sport drink during the CPT was likely
driven by differential elevations in serum glucose. However, given the differing digestion and absorption
kinetics of sucrose and fructose (92-94), it remains possible that the peak hemodynamic effects of
fructose ingestion were not fully captured within the timeframe of our measurements. Future research
should investigate the time course of renal and hemodynamic responses following ingestion of different
sugar types, particularly to determine whether fructose-induced effects occur later than those of
sucrose. Additionally, studies utilizing continuous or more frequent monitoring over an extended
postprandial period are warranted to better capture the full temporal profile and physiological impact of

each sugar type on renal vascular function and blood pressure regulation.

Experimental considerations

There are a few experimental considerations that warrant attention. First, this study involved drinking six
500 mL sport drink doses throughout simulated WrHS. It is possible that ad libitum drinking, rather than
prescribed drinking of these sport drinks, and/or rehydrating with a higher-fructose sport drink following
fluid restricted simulated WrHS would have unveiled greater elevations of AKI risk. However, this study
was designed under the premises that NIOSH recommends that workers arrive at the worksite hydrated
and that the worksite have cool fluids readily available (11). Despite this, we acknowledge that this may
not always be what is encountered in the workplace, where, for example, workers regularly arrive at the
worksite dehydrated (23, 95). In addition, we acknowledge that our study attempted to replicate half a
workday and may not capture the entirety of a workday or repeated workdays, and therefore, may not
have captured the potential effect of prolonged higher-fructose sport drink consumption on AKI risk. To
this end, it is possible that deleterious renal consequences of chronic high fructose beverage ingestion
could develop secondary to the independent effects of fructose on the cardiovascular system (96).
Second, the sport drinks were the same for every person, despite differences in body size between
participants. Thus, the calorie content and fructose load on a per kilogram of body weight basis differed

between people. It is possible that a better approach would be to match fructose load / body weight
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between participants. However, this study was designed to mimic workers who consume commercially
available sport drink, where workers of varying body weights would consume a single bottle (e.g., ~500
mL). Thus, the sport drink volume was fixed between trials. Third, it is important to note that the
biomarkers of AKI risk measured in this study are subclinical in nature in that they reflect only an
increased risk of AKI but do not indicate a clinical diagnosis. As a result, the clinical implications of these
findings remains unclear. Fourth, renal blood flow was not directly measured. Instead, Doppler
ultrasound was used to measure segmental artery blood velocity, which was interpreted to reflect
changes in renal blood flow, as done previously (97). To increase the reliability of the operator-
dependent ultrasound measurements and to ensure transparency the intra-operator coefficient of
variation of our sonographer was measured and reported to aid in the interpretation of measurements
obtained from Doppler ultrasound (73). Fifth, given the difference in timing of digestion and absorption
kinetics between sucrose and fructose (92—94), it remains possible that the peak hemodynamic effects
of fructose ingestion were not fully captured within the timeframe of our measurements. Finally,
menstrual cycle phase was not controlled for in the women participants. While recent work has
identified that AKI risk during simulated WrHS may be higher during the early follicular compared to the
mid-luteal phase of the menstrual cycle, this effect is small and AKI risk did not differ from men at any
phase of the menstrual cycle (79). Nevertheless, future studies may want to explore interactions
between menstrual cycle phase, fructose-sweetened beverage intake and AKI risk in the context of

WTrHS.

Perspectives

An epidemic of chronic kidney disease has been identified as occurring primarily in agricultural workers
regularly exposed to WrHS (98). This disease often occurs in the absence of traditional risk factors (e.g.,
older age, diabetes, hypertension, obesity), and has therefore been described as non-traditional in
nature (98) (CKDnt). It has been proposed that a single heat provoked clinical AKI bout or repeated
subclinical AKI bouts can lead to CKDnt (22). Experimental studies demonstrate that hyperthermia and
dehydration are potential modulators of the development of heat-related AKI (4), while workplace based
interventions that mitigate the development of hyperthermia and dehydration reduce the prevalence of
clinical AKI and the risk of CKDnt (3). Occupational hydration recommendations suggest to drink a sport
drink when WrHS lasts longer than two hours (11), while previous work in humans and rodents has
identified that high-fructose in the beverages could exacerbate AKI risk during WrHS (5, 6, 8). Our study

provides strong evidence that fructose in a concentration expected in sport drinks does not elevate AKI

23

Downloaded from journals.physiology.org/journal/ajpregu at CDC Information Center (158.111.236.095) on June 17, 2026.



690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721

risk, even after controlling for electrolyte concentrations, energy content and large differences in
osmolality. Thus, it is unlikely that the modest dose of fructose often found in commercially available
sport drinks modify the risk for AKI during WrHS. Therefore, occupational hydration recommendations
do not require updates specific to the sugar composition of sport drinks to protect against AKI risk.
However, future research is needed to identify the optimal beverage osmolality and electrolyte
concentrations to best alleviate WrHS provoked elevations in AKI risk, particularly during longer or

repeated WrHS bouts.

Conclusions

This study demonstrates that consuming a higher-fructose sport drink does not independently
exacerbate AKI risk following four hours of simulated WrHS compared to drinking a sucrose-sweetened
sport drink matched for energy, total carbohydrate, and electrolyte concentrations and relatively well
matched for osmolality. These findings suggest that the modest fructose content typical of many sport

drinks is unlikely to meaningfully influence AKI risk.
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Figure Legends

Figure 1: Overview and order of data collection during the experimental trials. Relative Humidity (RH),

Carbon Monoxide (CO).

Figure 2: Mean arterial pressure (A), heart rate (B), segmental artery blood velocity (C) and segmental
artery vascular resistance (D) during the cold pressor test (CPT) following consumption of 500 mL of a
sport drink sweetened with sucrose (Sucrose) or 55% fructose / 45% glucose (Fructose55). Data are
presented as a change from minute 0. Data was analyzed using a two-way linear mixed model with
Sidak’s post hoc comparisons. Data are n=12 at baseline (0-minutes) and n=11 at minute-2 in both trials,
with data at minute-1 n=11 in the Fructose55 trial and n=12 in the Sucrose trial. Data are presented as

mean + SD and individual values. * Indicates significantly different from Sucrose trial (P < 0.05).

Figure 3: Core temperature (A), mean skin temperature (B), heart rate (C), and heart rate presented as a
percentage of age-predicted maximum (D) throughout the 4-hour work-related heat stress (WrHS)
simulation. Data are presented as mean = SD and were analyzed using a two-way linear mixed model
with Sidak’s post hoc comparisons where necessary. P-values from the two-way linear mixed models are

reported. All data are n=12. * Indicates significantly different from Sucrose trial (p < 0.05).

Figure 4: Acute kidney injury risk biomarker responses before, during and following work-related heat
stress. Urine insulin-like growth factor-binding protein 7 (IGFBP7ysg) (A), urine tissue inhibitor
metalloproteinase 2 (TIMP-2ysg) (B) and the product of urine IGFBP7 and TIMP-2 ([IGFBP7 e TIMP-2]ysc)
(C). Urinary biomarkers normalized to urine specific gravity and presented before (Baseline),
immediately after WrHS (Post-WrHS), ~75 minutes after-WrHS (Recovery), and at the 24-hour follow-up
(24 h). Data were log transformed prior to statistical analyses if required and were analyzed using a two-
way linear mixed models with p-values reported. All data are represented as mean + SD and individual
values. Urine data at all timepoints in the Fructose55 trial are n=12 and n=12 in the sucrose trial, except

at the 24-hour follow-up (24 h), which are n=11.

Figure 5: Mean arterial pressure (A), heart rate (B), segmental artery blood velocity (C) and segmental

artery vascular resistance (D) during the cold pressor test (CPT) after work-related heat stress (WrHS).
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Data are presented as a change (D) from minute 0. Data were analyzed using a two-way linear mixed
model. All data are n=11 in the Fructose trial. Data are n=12 at rest (0-minutes), n=11 at minute-1, and
n=12 at minute-2 in the Sucrose trial. Data are presented as mean + SD and individual values. * Indicates

significantly different from Sucrose trial (P < 0.05).

Figure 6: Peak change (A) in mean arterial pressure (A), heart rate (B), segmental artery blood velocity
(C) and segmental artery vascular resistance (D) during the cold pressor test before- work-related heat
stress (WrHS) and after-WrHS. Data were analyzed using a two-way linear mixed model. All data before-
WTrHS in both trials are n=12. After-WrHS, all data was n=11 in the Fructose55 trial and n=12 in the
Sucrose trial. Data are presented as mean + SD and individual values. * Indicates significantly different

from Sucrose trial (P < 0.05).
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Table 1: Participant Characteristics (n=12; 6 women, 6 men)

Mean *+ SD [min, max]
Age (y) 2617 [19, 41]
Height (cm) 1759 [156.0, 190.5]
Weight (kg) 77.9+18.0 [50.2, 107.8]
Body surface area (m?) 19403 [1.5, 2.29]
Body mass index (kg/m?) 254+4.4 [18.7, 33.5]
Resting heart rate (bpm) 65+11 [49, 90]
Age-predicted heart rate max (bpm) 1905 [179, 195]
Systolic blood pressure (mmHg) 115+8 [102, 126]
Diastolic blood pressure (mmHg) 69+9 [49, 83]
Mean arterial pressure (mmHg) 84+7 [69, 95]
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Table 2: Sport drink formulation per 500 mL

Fructose55 Sucrose
Total Carbohydrate (g) 28 28
Energy (kcal) 116 116
Electrolytes (mg) Na* 210 210
K* 65 65
Fructose load (g) 15.4 14
Osmolality (mOsm/L) 337+6 204 +2
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Table 3: Post drink #1 resting renal hemodynamics.

-val

Measurement Fructose55 Sucrose ot

Paired t-test
Mean Arterial Pressure 76 +8 75+ 7 0.530
(mmHg)
Heart Rate 56+ 10 55+12 0.749
(bpm)
Renal Artery Blood Velocity 31.7+ 8.0 33.5+6.4 0.523
(cm/s)
Renal Artery Vascular Resistance 25+0.6 23+05 0.377
(mmHg/cm/s)
Segmental Artery Blood Velocity 179+2.8 18.1+3.1 0.868
(cm/s)
Segmental Artery Vascular Resistance 43408 42+0.6 0.682

(mmHg/cm/s)

Data are presented as means + SD and analyzed using two-tailed paired t-tests with p-values reported. All data are

n=12.
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Table 4: Fluid regulation and kidney function markers following acute consumption of 500 mL Sport Drink

. . P-value
Measurement Timepoint Fructose55 Sucrose - -
Linear Mixed Model
Plasma Volume Baseline 4654 + 1923 4493 £ 1820 Time: p=0.812
(mL) Trial: p =0.993
Post Drink-1 4608 + 2009 4538 £ 1900 Time x Trial: 0 =0.372
Plasma Glucose Baseline 91 +13 87+ 11 Time: p=0.014
(mg/dL) Trial: p=0.223
Post Drink-1 90 + 12* 107 £ 20 Time x Trial: 0 =0.011
Serum Osmolality Baseline 297 + 23 302+7 Time: p=0.893
(mOsm/kg) Trial: p=0.453
Post Drink-1 3006 30114 Time x Trial: p= 0.568
Serum Uric Acid Baseline 54+1.2 53+1.2 Time: p=0.122
(mg/dL) Trial: p=0.179
Post Drixnk-1 54+1.2 51+13 Time x Trial: p= 0.083
Serum Copeptin Baseline 19.3+12.3 21.8+13.1 Time: p=0.570
(pg/mL) Trial: p=0.917
Post Drink-1 23.0£12.6 20.1+15.0 Time x Trial: 0 =0.033
Serum Creatinine Baseline 1.0+0.2 0.9+0.3 Time: p = 0.004
(mg/dl) Trial: p=0.426
Post Drink-1 0.9+0.2 0.91£0.2 Time x Trial: p= 0.369
Urine Creatinine Baseline 99 + 76 96 + 80 Time: p =0.002
(mg/dl) Trial: p = 0.966
Post Drink-1 40+ 24 42 £ 26 Time x Trial: p= 0.860
Creatinine Clearance Baseline 135 + 105 115 + 93 Time: p =0.046
(mL/min) Trial: p=0.622
Post Drink-1 167 £ 37 161 +43 Time x Trial: p= 0.688
Urine Flow Rate Baseline 1.4 +0.7 1.3+0.6 Time: p <0.001
(mL/min) Trial: p=0.875
Post Drink-1 4617 46%2.7 Time x Trial: p= 0.889
Serum sodium Baseline 140+ 1 139+ 1 Time: p = 0.006
(mmol/L) Trial: p=0.318
Post Drink-1 1392 13812 Time x Trial: p= 0.999
Urine sodium Baseline 81 +51 77 + 64 Time: p =0.001
(mmol/L) Trial: p = 0.805
Post Drink-1 42 £ 29 40 £ 27 Time x Trial: p= 0.923
Serum potassium Baseline 4.8+0.5 4.9+0.7 Time: p=0.797
(mmol/L) Trial: p =0.846
Post Drink-1 4.8+0.6 4.8+0.6 Time x Trial: p= 0.303
Urine potassium Baseline 40 + 31 29 + 20 Time: p =0.002
(mmol/L) Trial: p =0.085
Post Drink-1 22+17 16+12 Time x Trial: p= 0.462

Data are presented as means + SD and analyzed using two-way linear mixed models with Sidak’s post hoc

comparisons. All data are n=12. * Indicates significantly different from Sucrose trial (P < 0.05).
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Table 5: Markers of hydration during and after simulated work-related heat stress.

P-value
Measurement Timepoint Fructose55 Sucrose ; vaiu
Paired t-test
Sweat Rate (L/h) -- 0.6+0.2 0.7+0.3 0.910
Body Mass Loss (%) - -0.7+1.0 -09+1.0 0.466
Linear Mixed Model
Nude Body Mass (kg) Baseline 76.4£18.3 76.9+18.2 Time: p =0.003
Post-WrHS 75.7+17.9 75.9+18.0 Trial: p=0.943
Recovery 75.8+18.1 759+18.1 Time x Trial:  p=0.271
Plasma Volume (mL) Baseline 4654 + 1923 4492 + 1820 Time: p =0.130
Post-WrHS 4608 + 2009 4538 + 1900 Trial: p =0.936
Recovery 4571 £ 1842 4662 + 1915 Time xTrial: p=0.762
Serum Osmolality Baseline 297 +£23 3027 Time: 0973
(mOsm/kg) Post-WrHS 299+8 292 + 14 Ime: p="
R 291 £ 23 292 + 18 Trial: p =0.895
ccovery = = Time x Trial:  p=0.341
24 h 30010 30010
Urine Osmolality Baseline 492 + 298 380+ 291 Time: —0.025
(mOsm/kg) Post-WrHS 590 + 202 572 + 202 T:'a‘le p= 0199
Recovery 403 + 289 405 + 349 ek p=".
Time x Trial:  p=0.615
24 h 760 £ 229 664 + 270
Urine specific gravity Baseline 1.013 £ 0.007 1.012 £ 0.008 .
Time: p=0.078
Post-WrHS 1.018 £ 0.006 1.016 £ 0.006 Trial: - 0.191
Recovery 1.014 £ 0.010 1.013+0.011 ek p=*.
Time x Trial: ~ p=0.858
24 h 1.022 £0.005 1.018 £ 0.008

Data are presented as mean + SD. Sweat rate and body mass loss were analyzed using a paired t-test, with all other

data analyzed using two-way linear mixed models with Sidak’s post hoc comparisons where necessary. Data are

presented before WrHS (Baseline), immediately after (Post-WrHS), ~75 minutes after WrHS (Recovery), and at 24 h

follow-up from baseline (24 h). Serum and urine data at all time points in the Fructose55 trial are n=12. In the

Sucrose trial, urine data at the 24-hour follow-up (24 h) are n=11, and n=12 at all other timepoints. Serum data in

the Sucrose trial at Recovery are n=11, while all other timepoints are n-12. Plasma volume data are n=7 in the

Fructose (55%) trial and n=8 in the Sucrose trial. P-values are reported.
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Table 6: Markers of kidney function during and after simulated work-related heat stress.

] . P-value
Measurement Timepoint Fructose55 Sucrose Linear Mixed Model
Serum Baseline 0.97 £ 0.23 0.94+0.23 Time: -0.007
Creatinine Post-WrHS 1.10+0.30 1.09 £ 0.37 T'rgle P= 0.129
(mg/dl) Recovery 1.08+0.31 1.06 +0.34 ek p="
Time x Trial: p=0.763
24 h 1.00 £ 0.20 0.91+0.20
Urine Baseline 99 +76 96 + 80 Time: -0.114
Creatinine Post-WrHS 262 £ 161 212¢145 T E o1
dl . - .
(mg/dI) Recovery 204 + 246 199 233 Timex Trial:  p=0.530
24 h 230 + 100 193 + 127
Serum Copeptin  Baseline 19.3+12.3 21.8+13.1 Time: -0.531
(pg/mL) Post-WrHS 22.8+12.3 214%128 T E 0217
Recovery 21.0£13.4 18.01+12.1 Time x Trial: p=0.164
24 h 17.0£9.4 21.8+13.2
Creatinine Baseline 135+ 105 115+ 93 Time: -0.013
Clearance Post-WrHS 352+ 212 300 + 178 T'rgle E “o1oe
L . . - .
(mL/min) Recovery 150 £ 36 161 £ 48 Time x Trial: ~ p =0.409
24 h 273+ 144 203 + 182
Serum Baseline 44+0.2 4.4+0.3 Time: =0.003
Albumin Post-WrHS 4604 45+03 i E 0146
dL * * ' 0
(g/dL) Recovery 45103 44+03 Time x Trial:  p=0.541
24h 4.7+0.3 4.8+0.3
Urine Baseline 8.8+6.2 7.4+6.3 Time: -0.310
Albumin Post-WrHs 15.0+9.5 107565 by
(g/dL) Recovery 27.1+53.0 21.3+31.7 o p=2
Time x Trial: p=0.578
24h 16.5+ 16.6 9.1+7.2

Data are presented at before work-related heat stress (WrHS; Baseline), immediately after (Post-WrHS), ~75

minutes after WrHS (Recovery), and at the 24-hour follow-up (24 h). Data were analyzed using two-way linear

mixed models with p-values reported. All data are represented as mean  SD. Data at all time points in the

Fructose55 trial are n=12. In the Sucrose trial, urine data at the 24-hour follow-up (24 h) are n=11, and n=12 at all

other timepoints. Serum and plasma data in the Sucrose trial at Recovery are n=11, while all other timepoints are

n-12.
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Table 7: Kidney electrolyte and fluid balance markers during and after simulated work-related heat stress.

P-value
Measurement Timepoint Fructose55 Sucrose Linear Mixed Model
Urine Flow Rate Baseline 1.4+0.7 1.3+0.6 Time: = 0.070
(mL/min) Post-WrHS 1.7£0.6 20%11 T E o156
Recovery 22+1.8 3.3+3.2 Time x Trial: b = 0.068
24 h 1.2+0.5 0.9+0.7
Osmolar Baseline 23+1.9 1.5+1.0 Time: 0.077
Clearance Post-WrHS 33+18 3725 T P o
(mL/min) Recovery 17407 1.7+08 ek p=2
Time x Trial: p=0.212
24 h 2.8+1.2 19+15
Free water Baseline -09+x14 -0.1+1.0 Time: <0.001
clearance Post-WrHS 0.7£13 1.7£1.8 T'r:‘;e E - 0,039
mL/min + + ) o
(mL/min) Recovery 0.5+1.6 1.8+2.9 Time x Trial: 0=0.144
24 h -1.4+£1.2 -1.2+1.0
Serum Baseline 91+13 87+11 Time: - 0.030
Glucose Post-WrHS 97 +16 109 + 28 T'r:‘;e E 0,005
dL * . - .
(mg/dL) Recovery 93+11 119 + 27 Time x Trial: 5= 0.005
24 h 90+14 96 +10
Serum Baseline 140+ 2 139+1 Time: -0.029
sodium Post-WrHS 139£2 138x1 T E g
I/L ) e
(mmol/L) Recovery 138+ 2 139+2 Time x Trial: 5=0.627
24 h 140+ 3 140+ 2
Urine Baseline 81+51 77 £63 Time: - 0.007
sodium Post-WrHS 50 + 27 55 + 32 T'r:‘;e E o631
mmol/L + + ’ -
( /L) Recovery 29+ 24 29422 Time x Trial: 0= 0.496
24 h 67 43 81 +60
Serum Baseline 4.8+0.5 49+0.7 Time: <0.001
potassium Post-WrHS 42+05 41104 1 pguy
(mmol/L) Recovery 4.4+0.7 4.1+0.4 hak p=2
Time x Trial: p=0.263
24 h 43+0.5 43+0.3
Urine Baseline 40+ 31 29+ 20 Time: 0.016
potassium Post-WrHS 97 +41 7933 T P 006s
(mmol/L) Recovery 67 +74 49 + 46 o p=".
Time x Trial: p=0.528
24 h 77 44 49 +43
Fractional excretion Baseline 0.6+£0.2 0.6+0.2 Time: <0.001
of sodium (%) PoSt-WrHS 02:0.1 0.3+0.2 Ime: Pt
Recover 0.2+0.1 02+02  Mak p=0.177
very =5 L22 Timex Trial:  p=0.116
24 h 0.3+0.1 0.4+0.3
Fractional excretion Baseline 8.7+5.7 9.6+9.6 Time: = 0474
of potassium (%) PoSt-WrHS 115458 108+39 M€ p=".
R 102438 83421 Trial: p=0.364
ecovery e —— Time x Trial: p =0.449
24 h 10.6 £10.7 7.7+6.1

Data are presented at before work-related heat stress (WrHS; Baseline), immediately after (Post-WrHS), ~75
minutes after WrHS (Recovery), and at the 24-hour follow-up (24 h). Data were analyzed using two-way linear
mixed models with p-values reported. All data are represented as mean + SD. Data were analyzed using a two-way
linear mixed models with p-values reported. All data are represented as mean + SD. Serum, plasma, and urine data

at all time points in the Fructose55 trial are n=12. In the Sucrose trial, urine data at the 24-hour follow-up (24 h) are
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n=11, and n=12 at all other timepoints. Serum and plasma data in the Sucrose trial at Recovery are n=11, while all

other timepoints are n-12.
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Table 8: Urine and serum markers related to AKI risk during and after simulated work-related heat stress.

. . P-value
Measurement Timepoint Fructose55 Sucrose Linear Mixed Model
Urine Baseline 1.2+0.5 1.4+0.8 Time: 0573
NGALuss POSt-WrHS 1.4+0.4 1.4+0.4 Ime: p="
(Log1o) Recovery 1.3+0.4 1.5+0.6 Trial: p=0372
= = Time x Trial: p =0.330
24 h 1.4+0.5 1.5+0.6
Urine Baseline 1.1+0.5 1.1+0.7 Time: 0014
NGALur POSt-WrHS 1.1£0.2 11403 Ime: p="
(Log1o) Recovery 1.2+0.3 1.3+0.5 Trial: p=0.519
= == Time x Trial: p =0.304
24 h 1.7+£0.6 1.4+0.7
Urine Baseline 54 + 16 47 £ 14 Time: - 0.266
Uric Aciduse Post-WrHS 4510 46 + 10 i P
(mg/dL) Recovery 38+ 13 45+ 28 ek p="
Time x Trial: p=0.238
24 h 46+ 10 52+16
Serum Baseline 54+1.2 53+1.2 Time: - 0.013
Uric Acid Post-WrHS 6.0+16 57+18 o P oica
(mg/dL) Recovery 6.0+16 59+17 ek p="
Time x Trial: p=0.538
24 h 56+1.2 55+1.3
Urine Baseline 0.4+0.2 0.4+0.2 Time: L 0.015
KIM-Lusc Post-WrHS 1.2+1.0 1.0+0.7 Tlr:;Ie = 0079
(ng/dL) Recovery 0.9+0.7 0.8+0.6 ek p="
Time x Trial: p =0.378
24 h 0.9+0.4 0.8+0.4
Urine Baseline -0.6+0.4 -0.7+0.5 Time: <0.001
KIM-Luer Post-WrHS -0.4£0.5 -0.3£0.4 T'r:‘;e P 0079
(Logio) Recovery 03+0.4 04+0.4 ek p="
Time x Trial: p =0.135
24 h 0.2+0.3 -0.2+0.6
Serum Baseline 29+15 29+16 Time: - 0.126
KIM-Lusc Post-WrHS 28+13 29+ 15 T'r:‘;e P= 051
(pg/dL) Recovery 29+ 15 26+ 13 ek b=
Time x Trial: p=0.251
24 h 31+15 29115
Urine Baseline 1.4+04 1.4+0.6 Time: <0.001
IGFBP7ur Post-WrHS 1.9£0.4 2.0£0.3 i S o033
Lo ) e
(Log1o) Recovery 2.0+0.2 2.0+0.3 Time x Trial: 0= 0.447
24 h 20+04 1.7+0.5
Urine Baseline 0.1+0.5 0.1+0.5 Time: - 0.002
TIMP-2us Post-WrHS 0.4+0.3 0.5+0.2 i S 03
Lo + + ) o
(Log1o Recovery 0.5+0.2 0.5+0.3 TimexTrial:  p=0.238
24 h 0.8+0.3 0.4+0.6

Data are presented at before work-related heat stress (WrHS; Baseline), immediately after (Post-WrHS), ~75
minutes after WrHS (Recovery), and at the 24-hour follow-up (24 h). Data were analyzed using two-way linear
mixed models with p-values reported. All data are represented as mean + SD. Data were analyzed using a two-way
linear mixed models with p-values reported. If required, data were log transformed prior to statistical analyses. All
data are represented as mean + SD. Serum, plasma, and urine data at all time points in the Fructose55 trial are

n=12. In the Sucrose trial, urine data at the 24-hour follow-up (24 h) are n=11, and n=12 at all other timepoints.

Downloaded from journals.physiology.org/journal/ajpregu at CDC Information Center (158.111.236.095) on June 17, 2026.



Serum and plasma data in the Sucrose trial at Recovery are n=11, while all other timepoints are n-12. * Indicates

significantly different from Sucrose trial (P < 0.05).
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Table 9: Markers of oxidative stress, inflammation and gut permeability during and after simulated work-related

heat stress.

P-value
M t Ti int Fruct
easuremen imepoin ructose55 Sucrose Linear Mixed Model
Markers of oxidative stress
Serum Baseline 1.9+04 1.9+0.4 Time: - 0.079
TRX-1 Post-WrHS 1.9£0.5 1.9+0.4 i z - 0,080
Lo + ) -
(Log1o) Recovery 1.9+0.4 1.9+0.4 TimexTrial:  p=0.132
24 h 19+04 1.8+0.4
Urine Baseline 1.7+0.4 1.7+0.5 Time: - 0.388
TRX-1uss POSt-WrHS 1.8+0.3 1.740.3 ime: p=".
(Log1o) Recovery 1.840.3 1.9+0.5 Trial: p=0.937
= = Time x Trial: p =0.150
24 h 1.8+0.4 1.7+0.4
Urine Baseline 1504 1.5+0.6 Time: 0013
TRX-1urr POSt-WrHS 1.5+0.3 1.5+0.3 Ime: b=
(Log1o) Recovery 1.6+0.3 1.7 £0.5 Trial: p=0.137
= = Time x Trial: p = 0.069
24 h 2.1+£0.5 1.6x0.7
Markers of inflammation
Serum Baseline -0.6+0.2 -0.6+0.2 Time: <0.001
MCP-1usc Post-WrHS -04£03 -0.5£0.2 i E Rhgne
L 04+ - : =0.
(Log1o) Recovery 0.4+0.3 0.5+0.2 Time x Trial: 00371
24 h -0.6+0.2 -0.6+0.2
Urine Baseline -1.1+£0.2 -1.1+0.3 Time: - 0.0%6
MCP-1us Post-WrHS 07403 -0.8+0.3 e E ~o.s01
L . . : =0.
(Log1o) Recovery 0.9+0.4 0.8+0.3 Time x Trial: 00131
24 h -0.9+0.3 -09+0.4
Urine Baseline -1.3+0.4 -1.3+0.4 Time: —0.004
MCP-1ur Post-WrHS 1.0+0.4 1.0£0.3 e E o106
Lo _ _ : =0.
(Log1o) Recovery 1.0+0.2 1.0+0.3 TimexTrial:  p=0.091
24 h -0.6+0.3 -1.0+£0.7
Serum Baseline -0.4+0.2 -0.4+0.2 Time: <0.001
IL-6 Post-WrHS 0.5+0.5 0.4+0.5 T'r:‘;le E o387
Lo 4+0. A%0. ' T
(Log1o) Recovery 0.4+0.4 0404 Time x Trial: 0=0772
24 h -0.3+£0.3 -0.3+£0.3
Serum Baseline 0.2+0.1 0.2+0.2 Time: 0379
TNF-a Post-WrHS 03+0.2 03+0.2 T'r:‘;le E oone
L : =0.
(Log1o) Recovery 0.3+0.2 0.3+0.2 Time x Trial: 0=0.290
24 h 0.3+£0.2 0.21£0.2
Markers of gut permeability
Serum Baseline 4396 £ 1576 4470 + 1387 Time: <0.001
LBP Post-WrHS 4076 + 1352 4158 + 1111 i P 0oa
(ng/mL) Recovery 4160 + 1698 4314 + 1287 o p=2
Time x Trial: p =0.387
24 h 6093 + 2361 5685 + 2400
Serum Baseline 0.7+0.4 0.7+0.4 Time: —0.086
I-FABP Post-WrHS 1.0£0.4 0.9+0.6 e E pgns
ng/mL + + ) e
(ng/mL) Recovery 0.7+0.3 0.7+0.6 TimexTrial:  p=0.452
24 h 0.9+0.4 0.9+0.5

Data are presented at before work-related heat stress (WrHS; Baseline), immediately after (Post-WrHS), ~75

minutes after WrHS (Recovery), and at the 24-hour follow-up (24 h). Data were analyzed using two-way linear
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mixed models with p-values reported. All data are represented as mean + SD. Data were analyzed using a two-way
linear mixed models with p-values reported. If required, data were log transformed prior to statistical analyses. All
data are represented as mean = SD. Serum, plasma, and urine data at all time points in the Fructose55 trial are
n=12. In the Sucrose trial, urine data at the 24-hour follow-up (24 h) are n=11, and n=12 at all other timepoints.
Serum and plasma data in the Sucrose trial at Recovery are n=11, while all other timepoints are n-12. * Indicates

significantly different from Sucrose trial (P < 0.05).
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Table 10: After WrHS Resting Renal Hemodynamics

p-value
Fructose55 Sucrose -
Paired t-test
Mean Arterial Pressure 76+8 7547 0.530
(mmHg)
Heart Rate 71+17 7120 0.854
(bpm)
Renal Artery Blood Velocity 344+80 346454 0.956
(cm/s)
Renal Artery Vascular Resistance 93406 29404 0.446
(mmHg/cm/s)
Segmental Artery Blood Velocity 20.3+3.6 19.3+2.6 0.444
(cm/s)
Segmental Artery Vascular Resistance
(mmHg/cm/s) 3.9+0.9 40%0.6 0.761

Data were analyzed using a two-tailed paired t-test, and p-values are reported. All data are n=12 and presented as

mean  SD and individual values.

Downloaded from journals.physiology.org/journal/ajpregu at CDC Information Center (158.111.236.095) on June 17, 2026.



Hydrating with a higher-fructose sport drink does not
worsen acute kidney injury risk during simulated work-
related heat stress

METHODS OUTCOME

Study Design: Double blind, cross-over

Basa:llfr?:‘ SRR s:::tsnlkﬂs Immedla(elyPostwrﬁ:’rwom“la“:::\:trys;::gsomkgss) '.' Fructose55 '.' Sucrose
l | =y [ ] [ -—- =
g 2 [ 3 H 4.0q— X
rest |3 S 38w |3 2| Spe | 2 Linear Mixed Model
3 ) 3 2 2| N E 3 3.0/ Time p<0.001
L T ] 50T p=0.324
-V | Time x Trial p=0.586

o
|

24 hour
follow-up

Void Bladder
Supine Rest

1

w

(=]
|

Time (ntin)

LOG,, [IGFBP-7-TIMP-2] ;s
LA O -
Qo QO Q
| | |

&
o

il = Nude Body Mass Q =500 mL Sports Drink  §, = Renal Blood Velocity ',@ =Blood Pressure £\ - Heat Strain

Experimental Beverage Composition Baseline \;0:; Recovery  24h
r

Fructose55

Total Carbohydrate (g)

Energy (kcal) 116 116 . . .
Electrolytes (mg) = — Increases in biomarkers of acute kidney

65 65 injury (AKI) risk did not differ between

Fructose load (g) 15.4 14 Fructose55 and Sucrose trials.
Osmolality (mOsm/L) 337+6 204 +2

CONCLUSION Sugar type in the sport drink did not alter AKI risk, indicating that
modest dlfferences in fructose content does not meanmg[gﬁll /Im 173292’% AKI risk.
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