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Abstract 25 

Fructose containing soŌ drinks worsen acute kidney injury (AKI) risk during simulated work related heat 26 

stress (WrHS), but the fructose content is comparaƟvely lower in sport drinks. This study tested the 27 

hypothesis that consuming a higher-fructose sport drink exacerbates AKI risk compared to consuming a 28 

sucrose-sweetened sport drink during a four-hour WrHS simulaƟon. In this block randomized, double-29 

blind crossover study, 12 healthy adults (26±7 y; 6 women) completed two trials involving ingesƟng six 30 

500 mL doses of a higher-fructose sport drink (55% fructose & 45% glucose; Fructose55) or a sucrose-31 

sweetened sport drink (50% fructose & 50% glucose; Sucrose) before, during, and following a 4 hour 32 

WrHS simulaƟon that comprised three circuits of treadmill walking (10 minutes) and rowing (5 minutes) 33 

at five metabolic equivalents and 15 minutes of rest every hour. Drinks were matched for total 34 

carbohydrates, calories, and electrolytes and modestly matched for osmolality. Urine and blood samples 35 

were collected pre- and post-exposure, at recovery, and 24 hours post-visit. AKI risk was quanƟfied as the 36 

product of urine insulin-like growth factor-binding protein 7 and urine Ɵssue inhibitor of 37 

metalloproteinase-2 ([IGFBP7•TIMP-2]) normalized to specific gravity. Peak rectal temperature 38 

(Fructose55: 38.3±0.7°C, Sucrose: 38.3±0.7°C, p=0.991) and percent change in body weight (Fructose55: 39 

-0.7±1.0%, Sucrose: -0.9±1.0%, p=0.466) were not different between trials. Urinary [IGFBP7•TIMP-2] 40 

increased over Ɵme (p<0.001) but did not differ between trials (peak change – Fructose55: 1.7±1.6 41 

(ng/mL)2/1000, Sucrose: 1.6±1.8 (ng/mL)2/1000, p=0.677). Consuming a higher-fructose containing sport 42 

drink does not exacerbate AKI risk during WrHS when compared to a sucrose-sweetened equivalent. 43 

 44 
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New and Noteworthy: 47 

This study tested whether drinking a sport drink with a higher proporƟon of fructose influences acute 48 

kidney injury (AKI) risk during simulated work-related heat stress. In a block randomized, double-blind 49 

crossover design, healthy adults consumed either a higher-fructose or sucrose-sweetened sport drink 50 

matched for calories, electrolytes, and carbohydrates. Despite increases in AKI biomarkers with heat 51 

stress, the type of sugar in the sport drink did not alter AKI risk, indicaƟng that modest differences in 52 

fructose content does not meaningfully impact kidney stress.  53 

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



 4

IntroducƟon 54 

Workers performing physically demanding tasks in hot environments experience work-related heat stress 55 

(WrHS) (1). WrHS can lead to dehydraƟon, hyperthermia (i.e., elevaƟons in core temperature), and 56 

increase the likelihood of acute kidney injury (AKI) (2, 3). PrevenƟng dehydraƟon aƩenuates the rise in 57 

core temperature during simulated WrHS, which reduces AKI risk (4). However, the type of beverage 58 

consumed during WrHS may influence kidney-related outcomes. For example, in rodent models, 59 

rehydraƟon with a high-fructose soluƟon acƟvates the intra-renal polyol–fructokinase pathway and is 60 

accompanied by increased vasopressin concentraƟons, and renal inflammaƟon, oxidaƟve stress and 61 

mitochondrial dysfuncƟon (5–7).  Data from our laboratory have shown that consuming a high-fructose 62 

corn syrup (HFCS) sweetened soŌ drink during simulated WrHS exacerbates seemingly normal, 63 

physiologically mediated reducƟons in kidney funcƟon and provokes further increases in circulaƟng 64 

biomarkers of AKI compared with water (8). These effects are thought to be related to fructose mediated 65 

augmented vasopressin responses (8) and greater renal vasoconstricƟon (9), although hyperosmolality 66 

may also contribute due to plasma volume contracƟon that occurs by drinking a hyperosmoƟc beverage 67 

(10). 68 

 69 

OccupaƟonal guidelines recommend that workers consume sport drinks when WrHS exceeds two hours 70 

in duraƟon, yet the opƟmal carbohydrate composiƟon is not defined (11). Most commercially available 71 

sport drinks contain sugar, but their formulaƟons vary widely (12). Recent studies have shown that 72 

different sport drink types have a limited effect on AKI risk during simulated WrHS (13, 14). However, 73 

previous comparisons have not matched beverages across variables such as calories, electrolyte 74 

concentraƟons, and osmolality, leaving the independent influence of sugar composiƟon in sport drinks 75 

unknown.  76 

 77 

IngesƟon of a commercially available sucrose-sweetened sport drink does not worsen kidney funcƟon or 78 

elevate AKI risk versus a sugar-free sport drink during simulated WrHS (13). Therefore, the primary 79 

objecƟve of this study was to compare the AKI risk biomarker responses between two sport drink 80 

formulaƟons that differed only by fructose concentraƟon yet are similar in calories, electrolytes, 81 

carbohydrates and osmolality to those that are commercially available.  We tested the hypothesis that 82 

consuming a higher-fructose sport drink exacerbates AKI risk compared with a sucrose-sweetened sport 83 

drink during a four-hour WrHS simulaƟon. Previous work demonstrates that drinking a HFCS sweetened, 84 

hyperosmoƟc, soŌ drink elicits renal vasoconstricƟon during a sympathoexcitatory test (i.e., cold pressor 85 
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test) (9). Whether such findings translate to sport drinks, which have substanƟally lower energy content 86 

and osmolality remains unknown. Therefore, the secondary objecƟve of this study was to test the 87 

hypothesis that consuming a higher-fructose sport drink augments renal vasoconstricƟon during the cold 88 

pressor test compared to a sucrose-sweetened sport drink. 89 

 90 

METHODS 91 

ParƟcipants 92 

Effect size was calculated based on previous data from our laboratory that examined the effect of 93 

consuming a HFCS-sweetened soŌ drink on the increase in urinary neutrophil gelaƟnase associated 94 

lipocalin, an AKI risk biomarker, following four hours of simulated WrHS. This resulted in a Cohen’s dz 95 

effect size of 0.72. Using this effect size, sample size was esƟmated using G*Power 3.1.9.4 soŌware and 96 

the following parameters - power=80%, alpha=0.05, and a moderate correlaƟon between repeated 97 

measures (r=0.5). The resulƟng sample size calculaƟon revealed that we needed twelve parƟcipants to 98 

detect a staƟsƟcally significant trial x Ɵme interacƟon in a two-way repeated measures ANOVA.  99 

 100 

This study was approved by the InsƟtuƟonal Review Board at Indiana University (IRB#: 19683) and 101 

conformed to the DeclaraƟon of Helsinki, except for registraƟon in a database. Informed wriƩen consent 102 

was obtained from all parƟcipants before parƟcipaƟng in this study. Twelve healthy adults (6 women) 103 

parƟcipated in this study. ParƟcipant characterisƟcs are reported in Table 1. All parƟcipants were 104 

nonsmokers and reported to be free from any known cardiovascular, renal, metabolic, neurologic, or 105 

gastrointesƟnal diseases. ParƟcipants self-reported to be regularly engaged in regular moderate physical 106 

acƟvity 3-5 days per week (15, 16). The study was conducted throughout the calendar year in 107 

Bloomington, IN, USA. While heat acclimaƟzaƟon status was not controlled, parƟcipants were studied 108 

within the same season (e.g., summer, winter, etc.) and it is unlikely that the climate resulted in 109 

meaningful differences in acclimaƟzaƟon status (17). Women were not pregnant at any point during the 110 

study, which was confirmed via a urine pregnancy test before each trial. Women self-reported that they 111 

were eumenorrheic and not on birth control. Women were tested throughout the menstrual cycle given 112 

that women oŌen undergo WrHS without regards for menstrual cycle phase and tesƟng occurred 14 ± 10 113 

(mean ± SD) days from the onset of the last self-reported menses.  114 

 115 

ParƟcipants visited the laboratory on three separate occasions. The first visit included screening, 116 

familiarizaƟon, and graded submaximal exercise tests. The following two visits were experimental trials 117 
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(see Experimental protocol) and were separated by at least three days. The mean duraƟon between 118 

experimental trials was 20 ± 18 days.  119 

 120 

Sport drink formulaƟons 121 

To accomplish the objecƟves of this study,  we aimed to compare the effects of a fructose load like that 122 

in a commercially available HFCS sweetened sport drink versus an equivalent commercially available 123 

beverage sweetened with sucrose. The sucrose-sweetened beverage was designed to mimic the 124 

composiƟon of a popular commercially available sport drink (Gatorade G2) sweetened only with sucrose 125 

(Sucrose). The higher-fructose beverage was designed to be idenƟcal with regards to calories, 126 

electrolytes, and total carbohydrate content, with the excepƟon being that the experimental beverage 127 

was sweetened with 55% fructose and 45% glucose (Fructose55, Table 2). Food-grade HFCS was not 128 

uƟlized as a sweetener because using HFCS resulted in a hyperosmoƟc beverage (~664 mOsm/L), which 129 

can impair fluid absorpƟon by increasing the net secreƟon of water into the intesƟnal lumen (10). 130 

Moreover, there is precedent to uƟlize an HFCS mimic by modifying the fructose-glucose raƟo, such that 131 

previous work in rats indicates that rehydraƟng with a 60% fructose, 40% glucose beverage worsens AKI 132 

provoked by heat exposure (5). In the present study, a 55% fructose, 45% glucose raƟo was used because 133 

this mimics food grade HFCS-55, which is common in sugar sweetened beverages (18). Finally, given the 134 

chemical differences between sucrose and the combinaƟon of 55% fructose, 45% glucose sweetened 135 

beverage it was impossible to precisely control for osmolality and keep all other aspects of the beverages 136 

the same. Although osmolality differed between beverages, the absolute difference was modest 137 

compared to previous soŌ-drink (8) and sport drink (13, 14) studies and was considered acceptable given 138 

the need to match calories, electrolytes, and carbohydrate content. It should also be noted, that based 139 

on current understanding, the difference in osmolality between the Sucrose and Fructose55 beverages 140 

(see Table 2) was unlikely to result in meaningful differences in fluid absorpƟon (19). All sport drinks 141 

were formulated and made by the Indiana University School of Public Health – Bloomington, NutriƟon 142 

and Exercise Research Center. Notably, a non-caloric control beverage (e.g., water or a sugar-free sport 143 

drink) was not included in the study for two reasons – 1) occupaƟonal heat stress and hydraƟon 144 

recommendaƟons suggest that workers consume a sport drink containing electrolytes when work / 145 

exposure to heat stress exceeds two hours (11), and 2) previous evidence indicates that drinking a 146 

commercially available sucrose-sweetened sport drink does not worsen kidney funcƟon or elevate AKI 147 

risk versus a sugar-free sport drink (13). Hence, the Sucrose beverage served as the control beverage. 148 

 149 
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Experimental protocol 150 

This study employed a block randomized, double-blind crossover design. ParƟcipants kept a diet log for 151 

24 hours prior to the start of each experimental visit. ParƟcipants were encouraged to replicate their diet 152 

and fluid intake from the first visit during the second visit. Prior to arrival, parƟcipants were instructed to 153 

drink a pre-calculated volume of water equivalent to 0.5% of their body mass two hours prior to each 154 

experimental visit to ensure they were equally well hydrated for both experimental visits. ParƟcipants 155 

arrived at the laboratory for the two experimental visits, having refrained from strenuous exercise, 156 

alcohol, and caffeine for 12 hours and from food for 2 hours. A Ɵmeline of each experimental trial can be 157 

found in Figure 1.  158 

 159 

Upon arrival, parƟcipants provided a urine sample by completely voiding their bladder into a collecƟon 160 

urinal. EuhydraƟon was confirmed via a urine specific gravity of ≤1.025 (20). ParƟcipants were then 161 

weighed nude in a private room. ParƟcipants then assumed a supine posiƟon, and a venous blood 162 

sample was taken aŌer 20 minutes to account for shiŌs in plasma volume due to changes in posture 163 

(21). The assigned sport drink was then consumed within a 5-minute period. ParƟcipants then re-164 

assumed a supine posiƟon and rested for 30 minutes, aŌer which a second venous blood sample was 165 

collected before commencing the CPT. Following the CPT, a post-drink urine sample was collected (Figure 166 

1). Consistent with the secondary purpose of this study, this before WrHS assessment was specifically 167 

designed to examine the acute effects of sport drink ingesƟon on renal hemodynamics. The 168 

measurements and measurement Ɵming were modeled aŌer the study by Chapman et al. (9), which 169 

examined the renal vascular response to consumpƟon of a soŌ drink sweetened with HFCS.  170 

 171 

Immediately following the before WrHS assessment, parƟcipants measured their nude body mass and 172 

then donned a standard work clothing ensemble, which included a white coƩon short sleeved 173 

undershirt, a long-sleeved buƩon-up over shirt, and worker pants, with women also wearing a sport bra. 174 

Following pre-chamber baseline measurements, parƟcipants entered a hot and humid environmental 175 

chamber (38.5 ± 0.7°C; 41 ± 3% relaƟve humidity). These condiƟons were chosen because outdoor 176 

workers in the U.S. (e.g., construcƟon, agriculture, etc.) are oŌen exposed to this level of environmental 177 

heat (22, 23). Following iniƟal measurements taken in a standing posiƟon, parƟcipants then engaged in 178 

four hours of simulated WrHS. Each hour consisted of 3 cycles of 10 minutes of walking on a treadmill 179 

and 5 minutes of rowing exercise, for a total of 45 minutes of work, followed by 15 minutes of seated 180 

rest, which is the approximate work-to-rest raƟo recommended for agriculture workers at known risk of 181 
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AKI due to WrHS (24). During each rest period, parƟcipants were given 500 mL of the assigned sport 182 

drink, totaling four drinks (2000 mL) over the four hours. We have shown previously that this volume of 183 

fluid replacement results in modest reducƟons in body mass during similarly intense WrHS simulaƟons 184 

(8). The external workload was set to elicit five metabolic equivalents, which was determined during the 185 

iniƟal visit to the laboratory. This workload was chosen because it falls within the range of light to 186 

moderate work intensity documented to be experienced by outdoor workers (25). We have previously 187 

used rowing ergometry to simulate work tasks that uƟlize upper and lower body conƟnuous work (26). 188 

The use of rowing allows for a whole body, conƟnuous moƟon uƟlizing large muscle groups in the legs 189 

(drive phase), back, shoulders, and arms (pull phase), beƩer mimicking manual tasks like raking, 190 

shoveling, or manual harvesƟng compared to treadmill walking alone (27).  191 

 192 

Immediately aŌer leaving the chamber, post-WrHS urine was collected. ParƟcipants then toweled off 193 

prior to the measurement of nude body weight. ParƟcipants assumed the supine posiƟon, and post-194 

exposure venous blood samples were taken 20 minutes later. ParƟcipants were then given an addiƟonal 195 

500 mL of their assigned sport drink and reassumed a supine posiƟon for at least 30 minutes before a 196 

venous blood sample was obtained approximately 75 minutes following the end of the WrHS simulaƟon. 197 

The aŌer-WrHS CPT then commenced which permiƩed assessment of the comparaƟve effects of 198 

Fructose55 and Sucrose on renal vasomotor responses following simulated WrHS, with CPT tesƟng 199 

conducted at the equivalent Ɵme point aŌer ingesƟon of the final 500 mL sport drink dose as during the 200 

pre-WrHS CPT.  Another urine sample was collected immediately following the CPT, aŌer which the 201 

carbon monoxide rebreathing test commenced. Lastly, parƟcipants provided a recovery nude weight 202 

before leaving the laboratory. 203 

 204 

ParƟcipants returned to the laboratory approximately 24 hours from the beginning of their experimental 205 

trial for a final urine and venous blood sample. During the overnight period, parƟcipants were not given 206 

specific instrucƟons except to relax and not undertake any exercise unƟl arriving at the laboratory the 207 

following morning. ParƟcipants were instructed to record all food and beverage items and volumes from 208 

the Ɵme leaving the experimental visit unƟl the 24-hour follow-up visit the following day to help 209 

replicate their overnight diet for their next experimental visit. 210 

 211 

Measurements 212 
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Anthropometric, thermal and cardiovascular measures: Height and nude body weight were measured 213 

using a stadiometer (Seca, Hamburg, Germany) and scale (Sauter, Balingen, Germany). Percent changes 214 

in body mass were calculated as the difference between postexposure and preexposure nude body mass 215 

divided by preexposure body mass, mulƟplied by 100. Sweat rate was calculated from the change in 216 

nude body weight adjusted for fluid intake and output. Core temperature was measured by parƟcipants 217 

self-inserƟng a rectal temperature probe approximately 10 cm past the anal sphincter. Skin temperatures 218 

were measured using four thermocron iBuƩons (Maxim Integrated, San Jose, CA) aƩached to the right 219 

side of the body on the chest, triceps brachii, quadriceps, and posterior calf and weighted mean skin 220 

temperature was calculated accordingly (28). Systolic and diastolic blood pressure were measured using 221 

electrosphygmomanometry (Tango M2 Stress Test Monitor, Morrisville, NC, USA; or Omron Hoffman 222 

Estates, Illinois, USA). Mean arterial pressure was calculated as diastolic pressure plus one-third pulse 223 

pressure. Percent of age predicated maximal heart rate was calculated as heart rate divided by the 224 

maximal age-predicted heart rate (29) mulƟplied by 100.  225 

 226 

HydraƟon and kidney funcƟon: Urine specific gravity was measured in duplicate via refractometry 227 

(ATAGO Co., Ltd, Tokyo, Japan). Urine flow rate was calculated as urine volume divided by the duraƟon of 228 

Ɵme between urine collecƟon periods and was determined over two periods: approximately 360 229 

minutes from baseline to post-WrHS and about 75 minutes from post-WrHS to recovery.  Hemoglobin 230 

concentraƟons were measured in duplicate using the Hemopoint H2 device (Alere, Orlando, FL), and 231 

hematocrit was assessed in triplicate by microcentrifugaƟon (30). Plasma and urine osmolality were 232 

evaluated in duplicate via freezing-point depression (model 3250; Advanced Instruments, Norwood, 233 

MA). Osmolar clearance (Cosm) was calculated by mulƟplying urine flow rate (V) by the raƟo of urine 234 

(Uosm) to plasma (Posm) osmolality (Cosm = V × Uosm/Posm) (31). Free water clearance (CH₂O) was 235 

derived by subtracƟng Cosm from urine flow rate (CH₂O = V − Cosm) (31). Biomarkers in urine and serum 236 

related to inflammaƟon, oxidaƟve stress, acute kidney injury (AKI) risk, kidney funcƟon, and intesƟnal 237 

permeability were analyzed using standardized commercial methods at the Center for Diabetes and 238 

Metabolic Diseases TranslaƟon Core in the Indiana University School of Medicine (described below). 239 

Serum electrolytes, glucose, creaƟnine and albumin and urinary electrolytes, creaƟnine, and albumin 240 

were obtained from comprehensive metabolic profile panels run by the Indiana University Health 241 

Pathology Laboratory. All urinary markers were normalized to specific gravity (denoted using subscript 242 

USG) prior to staƟsƟcal analysis to account for variaƟons in urine concentraƟon across repeated spot 243 

urine samples (32), consistent with prior studies (4, 8, 26, 33). The advantage of normalizing to specific 244 
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gravity is that the units are unchanged, aiding data interpretaƟon. Urinary biomarkers have also been 245 

normalized to urine flow rate (denoted using subscript UFR) providing an index of biomarker excreƟon 246 

rate. That said, it should be noted that the a priori primary outcome variables are the urinary markers 247 

normalized to specific gravity. CreaƟnine clearance, serving as an esƟmate of glomerular filtraƟon rate, 248 

was calculated as the product of urine flow rate and the raƟo of urine to serum creaƟnine 249 

concentraƟons. The fracƟonal excreƟons of sodium and potassium were calculated using serum and 250 

urine concentraƟons of these electrolytes, along with changes in creaƟnine concentraƟons. Serum 251 

copepƟn, a stable surrogate marker for arginine vasopressin, was measured using a commercially 252 

available immunoassay [Vector laboratories, Inc., Newark, CA: Isbio, LS-F26731-1 (intra-assay CV: 7.6%, 253 

lower limit of detecƟon: 7.8 pg/mL)].  254 

 255 

Acute kidney injury risk: Urine insulin-like growth factor-binding protein 7 (IGFBP7), which is 256 

preferenƟally secreted in the renal proximal tubules, and urine Ɵssue inhibitor metalloproteinase 2 257 

(TIMP-2), which is preferenƟally secreted in the renal distal tubules, are markers of G1 cell cycle arrest in 258 

renal epithelial cells (34, 35). IFGBP-7 and TIMP-2 were measured with commercially available ELISA kits 259 

[RayBiotech Life, Inc., Peachtree Corners, GA, USA: RayBio human IGFBP-7; ELH-IGFBPRP1-1 (intra-assay 260 

CV: 10%, inter-assay CV: 12%, lower limit of detecƟon: 0.065 ng/mL) and RayBio human TIMP-2; ELH-261 

TIMP2-1 (intra-assay CV: 10%, inter-assay CV: 12%, lower limit of detecƟon: 2 pg/mL)]. Consistent with 262 

the FDA-approved indicaƟon in clinical seƫngs, the product of urinary IGFBP7 and TIMP-2 263 

([IGFBP7•TIMP-2]) provided an index of AKI risk (36). Kidney injury molecule-1 (KIM-1), an established 264 

biomarker of proximal tubular injury (37), was measured in urine samples using commercially available 265 

ELISA kits [Mesoscale DiagnosƟcs LLC, Rockville, MD, USA: KIM-1 mesoscale; K1514UR-2 (intra-assay CV: 266 

2.7%, inter-assay CV: 6.5%, lower limit of detecƟon: 10 pg/mL)]. Urine KIM-1 has demonstrated uƟlity in 267 

detecƟng early tubular damage (37, 38). Neutrophil gelaƟnase-associated lipocalin (NGAL), another 268 

sensiƟve marker of tubular injury (39), was quanƟfied in urine using commercially available ELISA kits 269 

[Meso Scale DiagnosƟcs, Rockville, MD, USA: U-PLEX Human NGAL mesoscale; K151Z1K-1 (intra-assay 270 

CV: 4.8%, inter-assay CV: 14%, lower limit of detecƟon: 0.78 pg/mL)]. Urine NGAL is an established 271 

biomarker of AKI across a range of condiƟons (40, 41). Urine (intra-assay CV: 1.7%, lower limit of 272 

detecƟon: 2.2 mg/dL) and serum (intra-assay CV: 1.9%, lower limit of detecƟon: 0.2 mg/dL) uric acid 273 

concentraƟons were measured using a Roche Analyzer (F. Hoffmann-La Roche AG, Indianapolis, IN). 274 

Elevated uric acid is associated with ingesƟon of fructose (42), which may lead to an increased risk of AKI 275 

during heat stress and dehydraƟon (43, 44). 276 
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 277 

InflammaƟon: Monocyte chemoaƩractant protein-1 (MCP-1), a proinflammatory cytokine (45), was 278 

evaluated in both urine and serum. Urinary MCP-1 levels rise in clinical AKI due to increased renal 279 

expression (46), and are linked to reduced kidney funcƟon in Mesoamerican agricultural workers (47). 280 

Serum MCP-1 serves as an indicator of systemic inflammaƟon (48, 49). MCP-1 in serum and urine was 281 

measured using commercially available ELISA kits [Meso Scale DiagnosƟcs, Rockville, MD, USA: V-PLEX 282 

Human MCP-1 mesoscale; K151NND (intra-assay CV: 11.2%, inter-assay CV: 8.9%, lower limit of 283 

detecƟon: 0.09 pg/mL)]. AddiƟonal systemic inflammatory markers, interleukin-6 (IL-6; intra-assay CV: 284 

4.5%, inter-assay CV: 7.3%, lower limit of detecƟon: 0.06 pg/mL) and tumor necrosis factor-alpha (TNF-α; 285 

intra-assay CV: 3.4%, inter-assay CV: 10.1%, lower limit of detecƟon: 0.04 pg/mL) were analyzed in serum 286 

using high-sensiƟvity mulƟplex assays (Meso Scale DiagnosƟcs, Rockville, MD, USA: V-PLEX Human 287 

Proinflammatory Panel I; K15052D-1). IL-6 is rapidly produced in response to heat stress and exercise, 288 

reflecƟng both muscle-derived myokine acƟvity and systemic inflammatory signaling (50–52). TNF-α, a 289 

key pro-inflammatory cytokine, has been implicated in the pathogenesis of AKI (53–55).  290 

 291 

OxidaƟve stress: Thioredoxin-1 (TRX-1), a redox-regulaƟng proteinௗ(56), was also assessed. Urinary TRX-1 292 

has been shown to increase during prolonged passive heat stress (33), and reflects oxidaƟve stress 293 

and/or hypoxia from proximal tubular epithelial cells (57). Serum TRX-1 is recognized as a diagnosƟc and 294 

prognosƟc biomarker in many clinical condiƟons (58–60). TRX-1 in serum and urine was measured using 295 

commercially available ELISA kits [Thermo Fisher ScienƟfic, Waltham MA, USA: Invitrogen Human 296 

Thioredoxin-1 mesoscale; EH451RB (intra-assay CV: 10%, inter-assay CV: 12%, lower limit of detecƟon: 297 

0.2 ng/mL]. 298 

 299 

GastrointesƟnal permeability: Serum intesƟnal faƩy acid binding protein (I-FABP), which is specifically 300 

expressed in intesƟnal enterocytes, was measured as a marker of gastrointesƟnal permeability. Elevated 301 

serum I-FABP concentraƟons indicate enterocyte damage (61), and levels have been reported to increase 302 

during physical work (exercise) in the heat (62–65). Serum lipopolysaccharide binding protein (LBP), a 303 

marker of bacterial translocaƟon resulƟng from gut permeability (66), rises with prolonged heat stress 304 

(67) and exercise in the heat (68, 69). Serum concentraƟons of I-FABP and LBP were determined using 305 

commercial ELISA kits [Meso Scale DiagnosƟcs, Rockville, MD, USA: R-Plex Human I-FABP Mesoscale 306 

(intra-assay CV: 4.1%, lower limit of detecƟon: 27 pg/mL); K151M4R-2 and R-Plex Human LBP Mesoscale; 307 

K151K5R-2 (intra-assay CV: 3.4%, lower limit of detecƟon: 101 pg/mL)]. 308 
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 309 

Renal perfusion: Renal and segmental artery blood velocity was used as a marker of renal perfusion (70). 310 

Renal and segmental artery blood velocity was measured via Doppler ultrasound (Toshiba Aplio 300, 311 

Canon Medical Systems) using a phased-array transducer (2.5-3.5 MHz) in the coronal approach with the 312 

parƟcipant in the leŌ lateral recumbent posiƟon. All measurements were made with the parƟcipant in 313 

the same posiƟon. Indelible ink was used to mark the transducer locaƟon during the first baseline 314 

measurement. ParƟcipants were instructed to perform a mid-exhalaƟon non-Valsalva breath hold for no 315 

longer than 10 seconds during the ultrasound measurement. Baseline mean renal and segmental artery 316 

velociƟes were measured over 2-4 cardiac cycles. All blood velocity measurements were obtained by the 317 

same sonographer (E. Tourula) with a within-subject test-retest coefficient of variaƟon for renal and 318 

segmental artery blood velocity measurements of 4.0 ± 0.3 % and 3.8 ± 0.6 %, respecƟvely. The renal 319 

vasculature is at a depth where it is not possible to measure vessel diameter using Doppler ultrasound 320 

accurately. Therefore, renal and segmental artery blood velocity was interpreted to reflect renal blood 321 

flow because reducƟons in renal blood flow during pharmacological intervenƟon have been shown to be 322 

due to decreases in blood velocity and not changes in vessel diameter (71, 72). Renal and segmental 323 

artery vascular resistance was calculated as mean arterial pressure divided by segmental artery blood 324 

velocity.  325 

 326 

As we have done previously (9, 73, 74), parƟcipants completed a cold pressor test (CPT) to assess 327 

changes in renal vascular control to sympatheƟc sƟmulaƟon before and aŌer simulated WrHS (see 328 

details below). Following iniƟal measurement of renal and segmental artery renal blood velocity, blood 329 

pressure, and heart rate, the CPT commenced by placing the parƟcipant’s right hand in agitated ice 330 

water (0.9 ± 0.3°C) up to the wrist for two minutes. Blood pressure, heart rate, and renal segmental 331 

artery blood velocity were measured during each minute throughout the CPT. Renal segmental artery 332 

velocity was used during the CPT because only one artery could be measured accurately without moving 333 

the transducer while the renal segmental artery is comparaƟvely more responsive to heat stress during 334 

the CPT than the renal artery (73).    335 

 336 

Plasma volume measurement: Carbon monoxide (CO) rebreathing was used to measure total 337 

hemoglobin mass, from which total blood volume and plasma volume were calculated (75, 76). Briefly, 338 

following 20 minutes of supine rest, the CO rebreathing procedures consisted of a bolus of 99.5% 339 

chemically pure CO in the amount of 1.0 mL per kg body weight delivered via a 100 mL syringe and 340 

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



 13 

inhaled by the parƟcipant. While remaining in the supine posiƟon, the parƟcipant rebreathed for 2 341 

minutes from a closed spirometer system connected to a 5 L anestheƟc bag filled with 100% oxygen. 342 

Before the start of the rebreathing, venous blood was collected. At 8 and 10 minutes aŌer the start of 343 

rebreathing, finger-prick blood samples were collected in duplicate. The collected venous and capillary 344 

blood was sampled by a blood gas analyzer (OSM3, Radiometer) for the determinaƟon of carboxy-345 

hemoglobin concentraƟon, which permiƩed calculaƟon of hemoglobin mass. Assuming that hemoglobin 346 

mass is unaffected by four hours of simulated WrHS (77) absolute plasma volume was calculated from 347 

total blood volume minus erythrocyte volume at each Ɵmepoint.   348 

 349 

Data and staƟsƟcal analyses 350 

Before WrHS, resting (minute-0) renal perfusion and hemodynamic data were collected from twelve 351 

participants. In the Sucrose trial, twelve participants contributed CPT data at minute-1 and eleven at 352 

minute-2. In the Fructose55 trial, segmental artery blood velocity was obtained from twelve participants 353 

at minute-1 and eleven at minute-2, and blood pressure and heart rate were available for eleven 354 

participants at both time points. Accordingly, segmental artery vascular resistance was calculated for 355 

twelve participants at minute-1 and eleven at minute-2 in the Sucrose trial, and for eleven participants 356 

at both time points in the Fructose55 trial. Missing data resulted from equipment malfunction or poor 357 

Doppler image quality. During WrHS, one Fructose55 participant stopped exercising at 2 h 30 min due to 358 

lightheadedness, remained seated to consume the third drink, exited the chamber at 2 h 45 min, and 359 

consumed the fourth drink over the next 30 minutes. Another Fructose55 participant completed 360 

exercise but was removed from the chamber during hour four after reaching the IRB-mandated core 361 

temperature cutoff (39.5°C) and consumed the final drink within 15 minutes outside the chamber. In the 362 

Sucrose trial, one participant stopped at 3 h 40 min due to nausea and completed the rest period and 363 

final drink outside heat exposure. All deviations occurred in the first trial and were replicated in the 364 

second. After WrHS, resting renal perfusion and hemodynamic measurements were again obtained from 365 

twelve participants. In the Sucrose trial, twelve participants had CPT data at minute-1 and eleven at 366 

minute-2. In the Fructose55 trial, CPT data were available for eleven participants due to one unusable 367 

dataset. Thus, segmental artery vascular resistance was calculated for eleven participants at both time 368 

points in the Fructose55 trial, and for eleven at minute-1 and twelve at minute-2 in the Sucrose trial. 369 

Missing data were due to equipment malfunction or inadequate Doppler imaging. Seven Fructose55 and 370 

nine Sucrose participants completed the carbon monoxide rebreathing test; missing data were due to 371 
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equipment malfunction or difficulty obtaining carbon monoxide. Plasma volume data reflect these 372 

sample sizes. 373 

 374 

For the primary objecƟve (i.e., AKI risk during WrHS), the analysis focused on blood and urine samples 375 

collected immediately following arrival (i.e., baseline), post-WrHS, at recovery and 24-hours post-. The 376 

resulƟng data, together with the temporal cardiovascular and thermoregulatory data collected during 377 

WrHS, were analyzed with two-way linear mixed models with repeated measures of both trial and Ɵme. 378 

For the secondary objecƟve (i.e., acute effects of sport drink consumpƟon), the analysis focused on 379 

blood and urine samples collected at baseline and following the first drink (Drink #1). The resulƟng data 380 

were analyzed using two-tailed paired t-tests. The before WrHS and aŌer WrHS CPT data were analyzed 381 

as a change from minute zero of the CPT to isolate the effect of the cardiovascular and renal vascular 382 

response to sympatheƟc sƟmulaƟon. These data were analyzed with independent two-way linear mixed 383 

models with repeated measures of both trial and Ɵme. The cardiovascular and renal vascular data at 384 

minute zero of the CPT were compared using two-tailed paired t-tests. The effect of WrHS on the 385 

responses to the CPT were explored by comparing peak changes in the cardiovascular and renal vascular 386 

responses in the Sucrose and Fructose55 trials using two-way linear mixed models with repeated 387 

measures of both trial and Ɵme. Two-tailed paired t-tests were used to examine differences in nude body 388 

mass loss and sweat rate between trials. In all instances, data were checked for a normal distribuƟon via 389 

visual inspecƟon of predicted and actual residuals (i.e., QQ plots). Data determined to be not normally 390 

distributed were either Log10 transformed before execuƟng the linear mixed models (i.e., urinary IGFBP7, 391 

[IGFBP7 • TIMP-2], NGAL and TRX-1 normalized to urine specific gravity, all urinary markers when 392 

normalized to urine flow rate,  and serum TRX-1, MCP-1, IL-6 and TNF-α). When applicable, the Geisser–393 

Greenhouse correcƟon was applied if sphericity could not be assumed. If a significant interacƟon or main 394 

effect of trial was idenƟfied in the linear mixed models, post hoc analyses were completed with Šídák’s 395 

mulƟple comparisons tests. All data were analyzed with GraphPad Prism soŌware (version 8; La Jolla, 396 

CA). StaƟsƟcal significance was set a priori at p ≤ 0.05, and actual p-values are reported where possible. 397 

Data are presented as mean ± SD and individual values where possible. 398 

 399 

Results 400 

Before WrHS 401 
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ResƟng renal and segmental artery perfusions are presented in Table 3. In summary, resƟng renal artery 402 

and segmental artery blood velocity and vascular resistance did not differ between the Fructose55 and 403 

Sucrose trials (p ≥ 0.377) aŌer consuming a 500 mL sport drink.  404 

 405 

Changes in segmental artery perfusion and hemodynamic data during the CPT are presented in Figure 2. 406 

To summarize, segmental artery blood velocity decreased over Ɵme (Main effect of Time: p = 0.048) but 407 

did not change differently between trials (Time x Trial: p = 0.529). Segmental artery vascular resistance 408 

increased over Ɵme (Main effect of Time: p < 0.001) and changed differently between trials (Main effect 409 

of Trial: p = 0.017). Post hoc pairwise comparisons indicated the increase in segmental artery vascular 410 

resistance was greater in the Sucrose trial at 2 minutes (Sucrose: +2.0 ± 0.9 mmHg/cm/s; Fructose55: 411 

+1.3 ± 1.0 mmHg/cm/s; p = 0.038). Mean arterial pressure increased during the CPT (Main effect of 412 

Time: p < 0.001) and changed differently over Ɵme (Time x Trial: p < 0.001). Post hoc pairwise 413 

comparisons indicated the increase in mean arterial pressure was greater in the Sucrose trial at 1 minute 414 

(Sucrose: +21 ± 8 mmHg; Fructose55: +14 ± 9 mmHg; p = 0.001) and 2 minutes (Sucrose: +25 ± 7 mmHg; 415 

Fructose55: +20 ± 10 mmHg; p <0.033). Heart rate increased during the CPT (Main effect of Time: p < 416 

0.001), but the increase in heart rate did not differ between trials (Time x Trial: p = 0.993).  417 

 418 

Serum and urinary markers of fluid and electrolyte control before (Baseline) and aŌer (Post Drink #1) 419 

acute consumpƟon of the assigned 500 mL sport drink are reported in Table 4. In summary, serum 420 

glucose indicated an effect of Ɵme (Main effect of Time: p = 0.014) but changed differently over Ɵme 421 

(Time x Trial: p = 0.011). Post hoc comparisons indicated serum glucose was higher at Post Drink #1 in 422 

the Sucrose trial (107 ± 20 mg/dL) compared to the Fructose55 trial (90 ± 12 mg/dL; p = 0.011). Urine 423 

and serum creaƟnine, sodium, potassium all decreased (Main effect of Time: p ≤ 0.006) but did not 424 

change differently between trials (Time x Trial: p ≥ 0.369). Urine flow rate and creaƟnine clearance 425 

increased over Ɵme (Main effect of Time: p ≤ 0.046) but did not change differently between trials (Time x 426 

Trial: p ≥ 0.688).  427 

 428 

During and aŌer WrHS 429 

ThermoregulaƟon and fluid regulaƟon 430 

Core and mean skin temperature data are presented in Figure 3. In summary, core temperature 431 

increased during WrHS in both trials (Main effect of Time: p < 0.001) but was not different between trials 432 

(Time x Trial: p=0.180). Mean skin temperature increased over Ɵme (Main effect of Time: p < 0.001) in 433 
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both trials. Heart rate data during WrHS is also presented in Figure 3. To summarize, heart rate increased 434 

over Ɵme in both trials (Main effect of Time: p < 0.001) but did not change differently between trials 435 

(Time x Trial: p = 0.380). Similarly, heart rate when represented as a percentage of age predicted 436 

maximal heart rate increased in both trials over Ɵme (Main effect of Time: p < 0.001) but did not change 437 

differently between trials (Time x Trial: p = 0.605).  438 

 439 

HydraƟon-related measures are presented in Table 5. In summary, percent changes in nude body mass 440 

(Wilcoxon: p = 0.466) and whole-body sweat rate (Wilcoxon: p = 0.910) did not differ between trials. 441 

Likewise, plasma volume, serum osmolality, urine osmolality, and urine specific gravity did not differ 442 

between trials (Time x Trial: p ≥ 0.341). 443 

 444 

Kidney FuncƟon and AKI Risk Biomarkers 445 

Markers of kidney funcƟon and electrolyte and fluid balance are presented in Tables 6 and 7. To 446 

summarize, serum creaƟnine, creaƟnine clearance, and serum albumin  increased over Ɵme (Main effect 447 

of Time: p ≤ 0.013) but there were not different between trials  (Time x Trial: p ≥ 0.409).  Osmolar and 448 

free water clearance increased over Ɵme (Main effect of Time: p ≤ 0.027) and were not different 449 

between trials (Time x Trial: p ≥ 0.144). Although free water clearance had an effect of trial (Trial: p = 450 

0.039), post hoc comparisons did not indicate a difference between trials at any Ɵmepoint. Serum and 451 

urine sodium, and fracƟonal excreƟon of sodium decreased, while urine potassium increased over Ɵme 452 

(Main effect of Time: p ≤ 0.029) but were not different between trials (Time x Trial: p ≥ 0.116). Serum 453 

glucose increased over Ɵme (Main effect of Time: p = 0.030) and changed differently between trials 454 

(Time x Trial: p = 0.005). Post hoc comparisons indicated a greater increase in serum glucose in the 455 

Sucrose trial at Recovery (Sucrose: 1.8 ± 2.9 mg/dL; Fructose55: 0.5 ± 1.6 mg/dL; p = 0.003). 456 

 457 

Markers of AKI risk are presented in Figure 4 and Table 8. To summarize, urinary IGFBP-7USG and TIMP-458 

2USG individually and as a product [IGFBP-7•TIMP-2] USG increased over Ɵme (Main effect of Time: p ≤ 459 

0.004), but there were no differences between trials over Ɵme (Time x Trial: p ≥ 0.375). Likewise, serum 460 

uric acid and urinary KIM-1USG increased over Ɵme (Main effect of Time: p ≤ 0.015) but did not differ 461 

between trials (Time x Trial: p ≥0.251). Urinary NGAL USG and uric acid USG did not show an effect of Ɵme 462 

(p ≥ 0.266) or Ɵme x trial (p ≥ 0.238). Urinary markers of AKI risk normalized to urine flow rate did not 463 

meaningfully differ from when these markers were normalized to specific gravity. Specifically, IGFBP-7UFR 464 

and TIMP-2 UFR increased over Ɵme (Main effect of Time: p ≤ 0.002), but there were no differences 465 
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between trials over Ɵme (Time x Trial: p ≥ 0.238). Likewise, urinary excreƟon of KIM-1UFR and NGAL UFR 466 

increased over Ɵme (Main effect of Time: p ≤ 0.014) but did not differ between trials (Time x Trial: p 467 

≥0.135). 468 

 469 

OxidaƟve stress biomarkers 470 

OxidaƟve stress serum and urinary biomarkers are presented in Table 9. To summarize, serum TRX-1 did 471 

not change over Ɵme (Main effect of Time: p ≥ 0.079) but indicated a difference between trials (Main 472 

effect of Trial: p ≥ 0.040). Post hoc comparisons did not indicate a difference between the Fructose55 473 

and Sucrose trial at any Ɵme point (p ≥ 0.105). Urinary TRX-1USG did not change over Ɵme (Main effect of 474 

Time: p = 0.388) and did not change differently between trials (Time x Trial: p = 0.150). Urinary TRX-1UFR 475 

did increase over Ɵme (Main effect of Time: p = 0.013) and did not change differently between trials 476 

(Time x Trial: p = 0.069). 477 

 478 

InflammaƟon biomarkers 479 

Serum and urinary inflammaƟon biomarkers are presented in Table 9. To summarize, serum and urinary 480 

MCP-1USG increased over Ɵme (Main effect of Time: p ≤ 0.026) but did not change differently between 481 

trials (Time x Trial: p ≥ 0.131). Serum IL-6, but not TNF-α (p = 0.379), increased over Ɵme (Main effect of 482 

Time: p < 0.001), but both were not different between trials (Time x Trial: p ≥ 0.290).  Urinary TRX-1UFR 483 

did increase over Ɵme (Main effect of Time: p = 0.013) and did not change differently between trials 484 

(Time x Trial: p = 0.069). 485 

 486 

Gut permeability 487 

Gut permeability biomarkers are presented in Table 9. To summarize, serum LBP increased over Ɵme 488 

(Main effect of Time: p < 0.001) but were not different between trials (Time x Trial: p = 0.219). Increases 489 

in serum I-FABP were not significant over Ɵme (Main effect of Time: p = 0.055) and were not different 490 

between trials (Time x Trial: p = 0.546). 491 

 492 

Renal perfusion 493 

ResƟng renal and segmental artery perfusion and hemodynamics following 4 h WrHS are presented in 494 

Table 10. In summary, mean arterial pressure, heart rate, renal artery and segmental artery blood 495 

velocity, vascular resistance did not differ between the Fructose55 and Sucrose trials (p ≥ 0.444) 496 

following WrHS.  497 
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 498 

Indices of segmental artery perfusion and hemodynamic data during the CPT are presented in Figure 5. 499 

To summarize, segmental artery blood velocity decreased during the CPT (Main effect of Time: p = 0.007) 500 

but did not differ between trials (Time x Trial: p = 0.606). Segmental artery vascular resistance increased 501 

during the CPT (Main effect of Time: p < 0.001) but was not different between trials (Time x Trial: p ≥ 502 

0.456). Mean arterial pressure increased during the CPT (Main effect of Time: p < 0.001) but did not 503 

differ between trials (Time x Trial: p = 0.879). Heart rate increased during the CPT (Main effect of Time: p 504 

= 0.005) but and did not differ between trials (Time x Trial: p = 0.928).  505 

 506 

Peak changes in blood pressure, heart rate and segmental vascular resistance, and reducƟons in 507 

segmental blood velocity in response to the CPT before and aŌer WrHS are presented in Figure 6. To 508 

summarize, peak changes in mean arterial pressure, were greater in the CPT that occurred before-WrHS 509 

(Main effect of Time: p = 0.021), but these changes did not differ between trials (Time x Trial: p = 0.182). 510 

Peak changes in heart rate and segmental artery vascular resistance as well as reducƟons in segmental 511 

blood velocity during the CPT were not different from before-WrHS to aŌer-WrHS (Main effect of Time: p 512 

≥ 0.099) and did not change differently between trials (Time x Trial: p ≥ 0.204).  513 

 514 

Discussion 515 

The primary objecƟve of this study was to compare the effect of consuming a higher-fructose sport drink 516 

with a sucrose-sweetened sport drink matched for energy, total carbohydrates, and electrolyte content 517 

and relaƟvely well matched for osmolality on AKI risk during a four-hour WrHS simulaƟon. The secondary 518 

objecƟve was to determine the acute effect of a single 500 mL dose of these sport drinks on renal 519 

hemodynamics during a sympathoexcitatory sƟmulus (i.e., CPT). The main findings are: 1) Drinking a 520 

higher-fructose sport drink does not exacerbate AKI risk during four hours of simulated WrHS compared 521 

to drinking a sucrose-sweetened sport drink (Figure 4). And 2) a single 500 mL dose of a sucrose-522 

sweetened sport drink elicits a greater increase in mean arterial pressure and segmental vascular 523 

resistance compared to a higher-fructose sport drink (Figure 2).  CollecƟvely, these findings do not 524 

support our hypothesis that drinking a higher-fructose sport drink throughout four hours of simulated 525 

WrHS exacerbates elevaƟons in biomarkers of AKI risk and renal vascular resistance during a 526 

sympathoexcitatory sƟmulus compared to a sucrose-sweetened sport drink. 527 

 528 

AKI risk during- and aŌer- WrHS 529 
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HydraƟng with both a higher-fructose and sucrose-sweetened sport drink elicited an increase in AKI risk 530 

(i.e., [IGFBP7·TIMP-2]USG) during simulated WrHS (Figure 4) and the magnitude of the observed increase 531 

in these biomarkers is largely consistent with that observed in both lab- (26, 78–80) and field- (2) based 532 

studies. Increases in [IGFBP7·TIMP-2]USG were due to elevaƟons in both IGFBP7 and TIMP-2, a finding 533 

supported by previous work examining AKI risk during simulated WrHS (4, 26, 78). As an aside, it is 534 

notable that the urinary markers of AKI risk normalized to urine flow rate did not meaningfully differ 535 

from when these markers were normalized to specific gravity, the excepƟon being urinary NGAL that 536 

demonstrated the expected increases when expressed as excreƟon rate but not when normalized to 537 

urine specific gravity (Table 8). Nevertheless, and contrary to our hypothesis, the consumpƟon of a 538 

higher-fructose sport drink did not exacerbate the increase in AKI risk biomarkers following simulated 539 

WrHS (Figure 4). This is in contrast with the study by Chapman et al., (8), who reported that HFCS-540 

sweetened soŌ drink consumpƟon elevated AKI risk. In the present study, sport drink formulaƟons were 541 

designed to be matched for total energy, total carbohydrates and electrolytes, and relaƟvely well 542 

matched for osmolality (Table 2). Matching sport drink consƟtuents allowed comparisons of sugar type, 543 

with a modest, and likely a physiologically inconsequenƟal (19), difference in osmolality (of ~133 544 

mOsm/L). InteresƟngly, our findings are strongly aligned with the two previous studies that have 545 

aƩempted to answer this quesƟon previously, albeit with some limitaƟons. Specifically, Atkins et al. (14) 546 

idenƟfied that AKI risk following two hours of simulated WrHS did not differ between a commercially 547 

available sport drink sweetened with HFCS compared to water with non-caloric sweetener. These 548 

findings were seemingly corroborated by Lignier et al. (13) who found that AKI risk following four hours 549 

of simulated WrHS did not differ between commercially available sucrose-sweetened and non-caloric 550 

sport drinks. Given that these previous studies were unable to comprehensively control for other 551 

beverage consƟtuƟons (13, 14), the present study provides direct evidence that modest differences in 552 

fructose content in sport drinks does not differenƟally elevate AKI risk. 553 

 554 

Atkins et al. (14) proposed that a threshold level of fructose intake may need to be reached before 555 

significant differences in AKI risk become apparent during or aŌer WrHS. It is worth noƟng that previous 556 

soŌ drink studies administered a total fructose load of 276 g (8), whereas in previous commercially 557 

available sport drink studies, Atkins et al. (14) administered a more moderate amount of fructose (∼145 558 

g total), and Lignier et al., (13) administered a relaƟvely low amount of fructose (50 g).  Notably, the 559 

Sucrose condiƟon in the current study had a similar the fructose load per milliliter compared with the 560 

sport drink trial of Lignier et al. (13) given that the Sucrose trial in our study mimicked Gatorade G2. 561 

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



 20 

However, due to differences in volume consumed, the calculated total fructose load was 84 g in the 562 

Sucrose trial. Moreover, the total fructose load of 92.4 g in the Fructose55 trial is ~1.5x less than that in 563 

Atkins et al. (14) and ∼3x less than the HFCS soŌ drink study (8). It has been proposed that the relaƟvely 564 

small fructose load in previous sport drink studies could explain the lack of differences in AKI risk 565 

between different types of sport drinks (13, 14). This contenƟon is supported by observaƟons in the 566 

present study, as the fructose load difference between trials was only 8.4 g, and there were no 567 

differences in AKI risk between sport drinks. It is worth noƟng that this small difference in fructose 568 

content was intenƟonal, as our goal was to isolate the effect of fructose at a concentraƟon consistent 569 

with commercially available sport drinks, while holding constant other beverage characterisƟcs (e.g., 570 

electrolytes, total carbohydrate content, and energy), an approach that was designed to directly inform 571 

the sugar composiƟon of sport drinks from the perspecƟve of kidney health during WrHS. Nevertheless, 572 

it is likely that this modest difference in fructose load was not sufficient to differenƟally modify the renal 573 

and/or systemic inflammaƟon and oxidaƟve stress (Table 9) or differences in renal vascular control (Table 574 

10, Figure 5), which have been linked to AKI risk in the context of WrHS (8, 9, 26, 74). Thus, the present 575 

study provides strong evidence that modestly elevated fructose content in sport drinks does not increase 576 

AKI risk. 577 

 578 

In the present study, the sport drinks were relaƟvely well matched for osmolality. To this point, the HFCS-579 

sweetened soŌ drink used previously (8) was extremely hyperosmoƟc (∼834 mOsm/kg), which likely 580 

promoted a shiŌ of water into the intesƟnal tract leading to reducƟons in plasma volume (10). Decreases 581 

in plasma volume and increases in plasma osmolality lead to the release of angiotensin II, via acƟvaƟon 582 

of the renin-angiotensin-aldosterone system, and the release of vasopressin (81). Angiotensin II causes 583 

renal sodium reabsorpƟon (82, 83), vasoconstricƟon in the renal afferent and efferent arterioles (84), 584 

and the release of aldosterone, leading to more sodium reabsorpƟon (85). Vasopressin increases water 585 

reabsorpƟon (86) and induces vasoconstricƟon of the efferent kidney arterioles (87). In the context of 586 

WrHS, all of these factors could exacerbate energy uƟlizaƟon in the kidneys, resulƟng in ATP depleƟon 587 

that may promote renal intersƟƟal inflammaƟon (5, 7) and oxidaƟve stress (43). Thus, a primary role for 588 

beverage osmolality in modifying AKI risk may be likely in the context of WrHS. For example, in contrast 589 

to the HFCS-sweetened soŌ drink study (8), in the present study copepƟn, a marker of vasopressin (88), 590 

was not different from baseline (Table 7), observaƟons that can likely be aƩributed to differences in 591 

beverage osmolality between soŌ drinks and sport drinks.  592 

 593 
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Not controlling for sport drink electrolyte content is also an important consideraƟon in previous studies. 594 

For example, while Atkins et al. (14) reported that a commercially available sport drink sweetened with 595 

HFCS had approximately half the osmoƟc load of a soŌ drink (∼420 mOsm/kg) and did not modify AKI 596 

risk during simulated WrHS compared to water containing a noncaloric sweetener, the water containing 597 

a noncaloric sweetener had very low electrolyte content (15 mg vs. 666 mg of sodium per serving). Thus, 598 

in the water condiƟon the requirement for sodium reabsorpƟon may have been increased, which could 599 

have elevated the work of the kidneys (89). Therefore, it remains possible that the effect of the fructose 600 

load from the HFCS sweetened sport drink on AKI risk was masked by the increased demand for 601 

electrolyte reabsorpƟon in the water containing noncaloric sweetener. The present study overcame this 602 

limitaƟon by matching the sport drinks for electrolyte content to ensure the need for electrolyte 603 

reabsorpƟon did not differ between Fructose55 and Sucrose (e.g., 210 mg Na+ and 65 mg K+). In the 604 

present study, this was confirmed by the lack of observed differences in measures of electrolyte and fluid 605 

reabsorpƟon (e.g., free water clearance, fracƟonal excreƟon of sodium) and kidney funcƟon (e.g., 606 

creaƟnine clearance) between the Fructose55 and Sucrose trials (Tables 6 & 7). CollecƟvely, given that 607 

AKI risk was elevated in all condiƟons, independent of sport drink type (Figure 4, (13, 14)), future 608 

research should examine the independent effects of beverage osmolality and electrolyte concentraƟons 609 

as a means to opƟmize hydraƟon beverage composiƟon to best alleviate WrHS provoked elevaƟons in 610 

AKI risk.  611 

 612 

Before WrHS - Renal hemodynamics following a single 500 mL dose of sport drink 613 

Previous research has idenƟfied that consuming a HFCS-sweetened soŌ drink, compared to water, 614 

augments vascular resistance in the segmental renal artery both at rest and during the CPT (9). In this 615 

same study, it was idenƟfied that the augmented renal vasoconstricƟon was primarily due to HFCS in the 616 

soŌ drink and not necessarily osmolality, caffeine or energy content (9). The present study aimed to 617 

determine the isolated, acute effects of consuming a higher-fructose sport drink versus a sucrose-618 

sweetened sport drink on renal hemodynamic responses to sympatheƟc sƟmulaƟon. To this end, it is 619 

noteworthy that no differences in resƟng renal hemodynamics were observed from baseline to Post 620 

Drink #1 in either trial (Table 3). Moreover, in contrast to the augmented blood pressure response 621 

observed previously with acute HFCS-sweetened soŌ drink consumpƟon (9), we found that the Sucrose 622 

trial elicited a comparaƟvely augmented increase in mean arterial pressure and segmental vascular 623 

resistance during the CPT versus the Fructose55 trial (Figure 2). While surprising, this heightened pressor 624 

/ renal vasoconstrictor response is likely aƩributable to the higher serum glucose levels in the Sucrose 625 
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trial versus the Fructose55 trial (Table 3). This observaƟon is supported by previous research 626 

demonstraƟng that ingesƟon of a glucose sweetened beverage augments the blood pressure response to 627 

the CPT, which was associated with the rise in blood glucose despite that circulaƟng insulin 628 

concentraƟons were reduced (90). AddiƟonal observaƟons support that acute glucose ingesƟon acutely 629 

raises blood pressure, a response that is only weakly associated with insulin sensiƟvity (91). When 630 

considered together, these findings suggest that the differenƟal blood pressure response following a 631 

single 500 mL dose of a higher-fructose or sucrose-sweetened sport drink during the CPT was likely 632 

driven by differenƟal elevaƟons in serum glucose. However, given the differing digesƟon and absorpƟon 633 

kineƟcs of sucrose and fructose (92–94), it remains possible that the peak hemodynamic effects of 634 

fructose ingesƟon were not fully captured within the Ɵmeframe of our measurements. Future research 635 

should invesƟgate the Ɵme course of renal and hemodynamic responses following ingesƟon of different 636 

sugar types, parƟcularly to determine whether fructose-induced effects occur later than those of 637 

sucrose. AddiƟonally, studies uƟlizing conƟnuous or more frequent monitoring over an extended 638 

postprandial period are warranted to beƩer capture the full temporal profile and physiological impact of 639 

each sugar type on renal vascular funcƟon and blood pressure regulaƟon. 640 

 641 

Experimental consideraƟons 642 

There are a few experimental consideraƟons that warrant aƩenƟon. First, this study involved drinking six 643 

500 mL sport drink doses throughout simulated WrHS. It is possible that ad libitum drinking, rather than 644 

prescribed drinking of these sport drinks, and/or rehydraƟng with a higher-fructose sport drink following 645 

fluid restricted simulated WrHS would have unveiled greater elevaƟons of AKI risk. However, this study 646 

was designed under the premises that NIOSH recommends that workers arrive at the worksite hydrated 647 

and that the worksite have cool fluids readily available (11). Despite this, we acknowledge that this may 648 

not always be what is encountered in the workplace, where, for example, workers regularly arrive at the 649 

worksite dehydrated (23, 95). In addiƟon, we acknowledge that our study aƩempted to replicate half a 650 

workday and may not capture the enƟrety of a workday or repeated workdays, and therefore, may not 651 

have captured the potenƟal effect of prolonged higher-fructose sport drink consumpƟon on AKI risk. To 652 

this end, it is possible that deleterious renal consequences of chronic high fructose beverage ingesƟon 653 

could develop secondary to the independent effects of fructose on the cardiovascular system (96). 654 

Second, the sport drinks were the same for every person, despite differences in body size between 655 

parƟcipants. Thus, the calorie content and fructose load on a per kilogram of body weight basis differed 656 

between people. It is possible that a beƩer approach would be to match fructose load / body weight 657 
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between parƟcipants. However, this study was designed to mimic workers who consume commercially 658 

available sport drink, where workers of varying body weights would consume a single boƩle (e.g., ~500 659 

mL). Thus, the sport drink volume was fixed between trials. Third, it is important to note that the 660 

biomarkers of AKI risk measured in this study are subclinical in nature in that they reflect only an 661 

increased risk of AKI but do not indicate a clinical diagnosis. As a result, the clinical implicaƟons of these 662 

findings remains unclear. Fourth, renal blood flow was not directly measured. Instead, Doppler 663 

ultrasound was used to measure segmental artery blood velocity, which was interpreted to reflect 664 

changes in renal blood flow, as done previously (97). To increase the reliability of the operator-665 

dependent ultrasound measurements and to ensure transparency the intra-operator coefficient of 666 

variaƟon of our sonographer was measured and reported to aid in the interpretaƟon of measurements 667 

obtained from Doppler ultrasound (73). FiŌh, given the difference in Ɵming of digesƟon and absorpƟon 668 

kineƟcs between sucrose and fructose (92–94), it remains possible that the peak hemodynamic effects 669 

of fructose ingesƟon were not fully captured within the Ɵmeframe of our measurements. Finally, 670 

menstrual cycle phase was not controlled for in the women parƟcipants. While recent work has 671 

idenƟfied that AKI risk during simulated WrHS may be higher during the early follicular compared to the 672 

mid-luteal phase of the menstrual cycle, this effect is small and AKI risk did not differ from men at any 673 

phase of the menstrual cycle (79). Nevertheless, future studies may want to explore interacƟons 674 

between menstrual cycle phase, fructose-sweetened beverage intake and AKI risk in the context of 675 

WrHS. 676 

 677 

PerspecƟves 678 

An epidemic of chronic kidney disease has been idenƟfied as occurring primarily in agricultural workers 679 

regularly exposed to WrHS (98). This disease oŌen occurs in the absence of tradiƟonal risk factors (e.g., 680 

older age, diabetes, hypertension, obesity), and has therefore been described as non-tradiƟonal in 681 

nature (98) (CKDnt). It has been proposed that a single heat provoked clinical AKI bout or repeated 682 

subclinical AKI bouts can lead to CKDnt (22). Experimental studies demonstrate that hyperthermia and 683 

dehydraƟon are potenƟal modulators of the development of heat-related AKI (4), while workplace based 684 

intervenƟons that miƟgate the development of hyperthermia and dehydraƟon reduce the prevalence of 685 

clinical AKI and the risk of CKDnt (3). OccupaƟonal hydraƟon recommendaƟons suggest to drink a sport 686 

drink when WrHS lasts longer than two hours (11), while previous work in humans and rodents has 687 

idenƟfied that high-fructose in the beverages could exacerbate AKI risk during WrHS (5, 6, 8). Our study 688 

provides strong evidence that fructose in a concentraƟon expected in sport drinks does not elevate AKI 689 
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risk, even aŌer controlling for electrolyte concentraƟons, energy content and large differences in 690 

osmolality. Thus, it is unlikely that the modest dose of fructose oŌen found in commercially available 691 

sport drinks modify the risk for AKI during WrHS. Therefore, occupaƟonal hydraƟon recommendaƟons 692 

do not require updates specific to the sugar composiƟon of sport drinks to protect against AKI risk. 693 

However, future research is needed to idenƟfy the opƟmal beverage osmolality and electrolyte 694 

concentraƟons to best alleviate WrHS provoked elevaƟons in AKI risk, parƟcularly during longer or 695 

repeated WrHS bouts.  696 

 697 

Conclusions 698 

This study demonstrates that consuming a higher-fructose sport drink does not independently 699 

exacerbate AKI risk following four hours of simulated WrHS compared to drinking a sucrose-sweetened 700 

sport drink matched for energy, total carbohydrate, and electrolyte concentraƟons and relaƟvely well 701 

matched for osmolality. These findings suggest that the modest fructose content typical of many sport 702 

drinks is unlikely to meaningfully influence AKI risk. 703 

 704 

Acknowledgments  705 

We thank the parƟcipants for parƟcipaƟng in our study. AddiƟonally, we thank our research technicians 706 

and other students for their assistance during data collecƟon. Access to raw data can be obtained upon 707 

reasonable request via email to the corresponding author. 708 

 709 

Grants 710 

This work was supported by an award from the U.S. NaƟonal InsƟtute of OccupaƟonal Safety and Health 711 

(R01OH011528). 712 

 713 

Conflicts of interest  714 

No conflicts of interest, financial or otherwise, are declared by the authors. 715 

 716 

Author contribuƟons 717 

Conceived and designed research: ET, HWH, LS, TDM, BDJ, NGM, ZJS 718 

Performed experiments: ET, MEH, AR, MGO, ZJS 719 

Analyzed the data: ET, MEH, AR, ZJS 720 

Interpreted results of experiments: ET, MEH, AR, MGO, HWH, LS, TDM, BDJ, NGM, ZJS 721 

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



 25 

Prepared figures: ET, ZJS 722 

DraŌed manuscript: ET, ZJS 723 

Edited and revised manuscript: ET, MEH, AR, MGO, HWH, LS, TDM, BDJ, NGM, ZJS 724 

Approved final version of manuscript: ET, MEH, AR, MGO, HWH, LS, TDM, BDJ, NGM, ZJS 725 

 726 

References 727 

1.  Manal Azzi, Andreas Flouris, Halshka Graczyk, Balint Nafradi, and Natasha ScoƩ, eds. 728 
Heat at work: ImplicaƟons for safety and health | InternaƟonal Labour OrganizaƟon 729 
[Online]. 2024. hƩps://www.ilo.org/publicaƟons/heat-work-implicaƟons-safety-and-730 
health [16 Oct. 2024]. 731 

2.  Tourula E, Specht JW, Hite MJ, Walker C, Garcia S, Khandpekar O, Yoder HA, Zoh RS, 732 
Johnson BD, Wegman DH, Glaser J, Amorim F, Schlader ZJ. Hyperthermia Predicts Cross-733 
ShiŌ Acute Kidney Injury Risk in ConstrucƟon Workers. Kidney InternaƟonal Reports 10: 734 
2856–2859, 2025. doi: 10.1016/j.ekir.2025.05.044. 735 

3.  Hansson E, Jakobsson K, Glaser JR, Wesseling C, Chavarría D, Lucas RAI, Wegman DH. 736 
AssociaƟon Between Acute Kidney Injury Hospital Visits and Environmental Heat Stress at 737 
a Nicaraguan Sugarcane PlantaƟon. Workplace Health & Safety 72: 131, 2024. doi: 738 
10.1177/21650799241235410. 739 

4.  Chapman CL, Johnson BD, Vargas NT, Hostler D, Parker MD, Schlader ZJ. Both 740 
hyperthermia and dehydraƟon during physical work in the heat contribute to the risk of 741 
acute kidney injury. Journal of Applied Physiology 128: 715–728, 2020. doi: 742 
10.1152/japplphysiol.00787.2019. 743 

5.  García-Arroyo FE, Cristóbal M, Arellano-Buendía AS, Osorio H, Tapia E, Soto V, Madero 744 
M, Lanaspa MA, Roncal-Jiménez C, Bankir L, Johnson RJ, Sánchez-Lozada L-G. 745 
RehydraƟon with soŌ drink-like beverages exacerbates dehydraƟon and worsens 746 
dehydraƟon-associated renal injury. American Journal of Physiology-Regulatory, 747 
IntegraƟve and ComparaƟve Physiology 311: R57–R65, 2016. doi: 748 
10.1152/ajpregu.00354.2015. 749 

6.  Milagres T, García-Arroyo FE, Lanaspa MA, Garcia G, Ishimoto T, Andres-Hernando A, 750 
Kuwabara M, Jensen T, Sato Y, Glaser J, Sánchez-Lozada LG, Johnson RJ, Roncal-Jimenez 751 
C. RehydraƟon with fructose worsens dehydraƟon-induced renal damage. BMC 752 
Nephrology 19: 180, 2018. doi: 10.1186/s12882-018-0963-9. 753 

7.  García-Arroyo FE, Tapia E, Blas-Marron MG, Gonzaga G, Silverio O, Cristóbal M, Osorio 754 
H, Arellano-Buendía AS, Zazueta C, Aparicio-Trejo OE, Reyes-García JG, Pedraza-Chaverri 755 
J, Soto V, Roncal-Jiménez C, Johnson RJ, Sánchez-Lozada LG. Vasopressin Mediates the 756 
Renal Damage Induced by Limited Fructose RehydraƟon in Recurrently Dehydrated Rats. 757 
InternaƟonal Journal of Biological Sciences 13: 961, 2017. doi: 10.7150/ijbs.20074. 758 

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



 26 

8.  Chapman CL, Johnson BD, SackeƩ JR, Parker MD, Schlader ZJ. SoŌ drink consumpƟon 759 
during and following exercise in the heat elevates biomarkers of acute kidney injury. 760 
American Journal of Physiology-Regulatory, IntegraƟve and ComparaƟve Physiology 316: 761 
R189–R198, 2019. 762 

9.  Chapman CL, Grigoryan T, Vargas NT, Reed EL, Kueck PJ, Pietrafesa LD, Bloomfield AC, 763 
Johnson BD, Schlader ZJ. High-fructose corn syrup-sweetened soŌ drink consumpƟon 764 
increases vascular resistance in the kidneys at rest and during sympatheƟc acƟvaƟon. 765 
American Journal of Physiology-Renal Physiology 318: F1053–F1065, 2020. doi: 766 
10.1152/ajprenal.00374.2019. 767 

10.  Evans GH, Shirreffs SM, Maughan RJ. Acute effects of ingesƟng glucose soluƟons on 768 
blood and plasma volume. Br J Nutr 101: 1503–1508, 2009. doi: 769 
10.1017/S0007114508076290. 770 

11.  Jacklitsch BL, Williams WJ, Musolin K, Coca A, Kim J-H, Turner N. OccupaƟonal exposure 771 
to heat and hot environments: revised criteria 2016 [Online]. 772 
hƩps://stacks.cdc.gov/view/cdc/37911 [19 Mar. 2025]. 773 

12.  Baker LB, Jeukendrup AE. OpƟmal ComposiƟon of Fluid-Replacement Beverages. 774 
Comprehensive Physiology 4: 575–620, 2014. doi: 10.1002/j.2040-4603.2014.tb00555.x. 775 

13.  Lignier MJ, Hess HW, Freemas JA, Johnson BD, Hostler D, Schlader ZJ. The effect of 776 
consuming a sucrose-containing sports drink on acute kidney injury risk during a 4 h 777 
simulated occupaƟonal heat stress. Appl Physiol Nutr Metab 50: 1–12, 2025. doi: 778 
10.1139/apnm-2024-0261. 779 

14.  Atkins WC, McKenna ZJ, McDermoƩ BP. Sports drinks do not increase acute kidney 780 
injury risk in males during industrial work in the heat when euhydraƟon is maintained, a 781 
randomized crossover trial. Appl Physiol Nutr Metab 49: 844–854, 2024. doi: 782 
10.1139/apnm-2023-0393. 783 

15.  Craig CL, Marshall AL, Sjöström M, Bauman AE, Booth ML, Ainsworth BE, PraƩ M, 784 
Ekelund U, Yngve A, Sallis JF, Oja P. InternaƟonal physical acƟvity quesƟonnaire: 12-785 
country reliability and validity. Med Sci Sports Exerc 35: 1381–1395, 2003. doi: 786 
10.1249/01.MSS.0000078924.61453.FB. 787 

16.  Lee PH, Macfarlane DJ, Lam T, Stewart SM. Validity of the internaƟonal physical acƟvity 788 
quesƟonnaire short form (IPAQ-SF): A systemaƟc review. Int J Behav Nutr Phys Act 8: 115, 789 
2011. doi: 10.1186/1479-5868-8-115. 790 

17.  Bain AR, Jay O. Does summer in a humid conƟnental climate elicit an acclimaƟzaƟon of 791 
human thermoregulatory responses? Eur J Appl Physiol 111: 1197–1205, 2011. doi: 792 
10.1007/s00421-010-1743-9. 793 

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



 27 

18.  White JS, Hobbs LJ, Fernandez S. Fructose content and composiƟon of commercial HFCS-794 
sweetened carbonated beverages. Int J Obes 39: 176–182, 2015. doi: 795 
10.1038/ijo.2014.73. 796 

19.  Rowlands DS, Kopetschny BH, Badenhorst CE. The HydraƟng Effects of Hypertonic, 797 
Isotonic and Hypotonic Sports Drinks and Waters on Central HydraƟon During ConƟnuous 798 
Exercise: A SystemaƟc Meta-Analysis and PerspecƟve. Sports Med 52: 349–375, 2022. doi: 799 
10.1007/s40279-021-01558-y. 800 

20.  American College of Sports Medicine, Sawka MN, Burke LM, Eichner ER, Maughan RJ, 801 
Montain SJ, Stachenfeld NS. American College of Sports Medicine posiƟon stand. 802 
Exercise and fluid replacement. Med Sci Sports Exerc 39: 377–390, 2007. doi: 803 
10.1249/mss.0b013e31802ca597. 804 

21.  Hagan RD, Diaz FJ, Horvath SM. Plasma volume changes with movement to supine and 805 
standing posiƟons. J Appl Physiol Respir Environ Exerc Physiol 45: 414–417, 1978. doi: 806 
10.1152/jappl.1978.45.3.414. 807 

22.  Chapman CL, Hess HW, Lucas RAI, Glaser J, Saran R, Bragg-Gresham J, Wegman DH, 808 
Hansson E, Minson CT, Schlader ZJ. OccupaƟonal heat exposure and the risk of chronic 809 
kidney disease of nontradiƟonal origin in the United States. American Journal of 810 
Physiology-Regulatory, IntegraƟve and ComparaƟve Physiology 321: R141–R151, 2021. 811 
doi: 10.1152/ajpregu.00103.2021. 812 

23.  Specht JW, Garcia S, Wegman DH, Glaser J, Schlader ZJ, Amorim FT. Heat strain in road 813 
construcƟon workers during the summer in New Mexico: a preliminary study. Annals of 814 
Work Exposures and Health 69: 225–229, 2025. doi: 10.1093/annweh/wxae097. 815 

24.  Glaser J, Hansson E, Weiss I, Wesseling C, Jakobsson K, Ekström U, Apelqvist J, Lucas R, 816 
Arias Monge E, Peraza S, Hogstedt C, Wegman DH. PrevenƟng kidney injury among 817 
sugarcane workers: promising evidence from enhanced workplace intervenƟons. Occup 818 
Environ Med 77: 527–534, 2020. doi: 10.1136/oemed-2020-106406. 819 

25.  Herrmann SD, Willis EA, Ainsworth BE. The 2024 Compendium of Physical AcƟviƟes and 820 
its expansion. Journal of Sport and Health Science 13: 1–2, 2024. doi: 821 
10.1016/j.jshs.2023.09.008. 822 

26.  Tourula E, Hite MJ, Heikkinen ME, Hess HW, Amorim FT, Mickleborough TD, Johnson 823 
BD, Hostler D, Schlader ZJ. Ad libitum drinking does not miƟgate acute kidney injury risk 824 
nor elevaƟons in markers of oxidaƟve stress and inflammaƟon during simulated 825 
occupaƟonal heat stress. Am J Physiol Renal Physiol 330: F71–F88, 2026. doi: 826 
10.1152/ajprenal.00234.2025. 827 

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



 28 

27.  Hase K, Kaya M, Yamazaki N, Andrews BJ, Zavatsky AB, Halliday SE. Biomechanics of 828 
Rowing. JSME InternaƟonal Journal Series C Mechanical Systems, Machine Elements and 829 
Manufacturing 45: 1073–1081, 2002. doi: 10.1299/jsmec.45.1073. 830 

28.  Ramanathan NL. A new weighƟng system for mean surface temperature of the human 831 
body. Journal of Applied Physiology 19: 531–533, 1964. doi: 10.1152/jappl.1964.19.3.531. 832 

29.  Tanaka H, Monahan KD, Seals DR. Age-predicted maximal heart rate revisited. Journal of 833 
the American College of Cardiology 37: 153–156, 2001. doi: 10.1016/S0735-834 
1097(00)01054-8. 835 

30.  Dill DB, CosƟll DL. CalculaƟon of percentage changes in volumes of blood, plasma, and 836 
red cells in dehydraƟon. J Appl Physiol 37: 247–248, 1974. doi: 837 
10.1152/jappl.1974.37.2.247. 838 

31.  Hall JE, Hall ME. Guyton and Hall textbook of medical physiology. 14th ediƟon. 839 
Philadelphia, PA: Elsevier, 2021. 840 

32.  Cone EJ, Caplan YH, Moser F, Robert T, Shelby MK, Black DL. NormalizaƟon of urinary 841 
drug concentraƟons with specific gravity and creaƟnine. J Anal Toxicol 33: 1–7, 2009. doi: 842 
10.1093/jat/33.1.1. 843 

33.  Hess HW, Stooks JJ, Baker TB, Chapman CL, Johnson BD, Pryor RR, Basile DP, Monroe JC, 844 
Hostler D, Schlader ZJ. Kidney injury risk during prolonged exposure to current and 845 
projected wet bulb temperatures occurring during extreme heat events in healthy young 846 
men. J Appl Physiol (1985) 133: 27–40, 2022. doi: 10.1152/japplphysiol.00601.2021. 847 

34.  Kashani K, Al-Khafaji A, Ardiles T, ArƟgas A, Bagshaw SM, Bell M, Bihorac A, Birkhahn R, 848 
Cely CM, Chawla LS, Davison DL, Feldkamp T, Forni LG, Gong MN, Gunnerson KJ, Haase 849 
M, HackeƩ J, Honore PM, Hoste EAJ, Joannes-Boyau O, Joannidis M, Kim P, Koyner JL, 850 
Laskowitz DT, Lissauer ME, Marx G, McCullough PA, Mullaney S, Ostermann M, 851 
Rimmelé T, Shapiro NI, Shaw AD, Shi J, Sprague AM, Vincent J-L, Vinsonneau C, Wagner 852 
L, Walker MG, Wilkerson RG, Zacharowski K, Kellum JA. Discovery and validaƟon of cell 853 
cycle arrest biomarkers in human acute kidney injury. Crit Care 17: R25, 2013. doi: 854 
10.1186/cc12503. 855 

35.  Kashani K, Cheungpasitporn W, Ronco C. Biomarkers of acute kidney injury: the pathway 856 
from discovery to clinical adopƟon. Clinical Chemistry and Laboratory Medicine (CCLM) 857 
55: 1074–1089, 2017. doi: 10.1515/cclm-2016-0973. 858 

36.  Nalesso F, CaƩarin L, Gobbi L, Fragasso A, GarzoƩo F, Calò LA. EvaluaƟng Nephrocheck® 859 
as a PredicƟve Tool for Acute Kidney Injury. InternaƟonal Journal of Nephrology and 860 
Renovascular Disease 13: 85, 2020. doi: 10.2147/IJNRD.S198222. 861 

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



 29 

37.  Han WK, Bailly V, Abichandani R, Thadhani R, Bonventre JV. Kidney Injury Molecule-1 862 
(KIM-1): a novel biomarker for human renal proximal tubule injury. Kidney Int 62: 237–863 
244, 2002. doi: 10.1046/j.1523-1755.2002.00433.x. 864 

38.  Vaidya VS, Ferguson MA, Bonventre JV. Biomarkers of acute kidney injury. Annu Rev 865 
Pharmacol Toxicol 48: 463–493, 2008. doi: 866 
10.1146/annurev.pharmtox.48.113006.094615. 867 

39.  Buonafine M, MarƟnez-MarƟnez E, Jaisser F. More than a simple biomarker: the role of 868 
NGAL in cardiovascular and renal diseases. Clin Sci (Lond) 132: 909–923, 2018. doi: 869 
10.1042/CS20171592. 870 

40.  Mishra J, Dent C, Tarabishi R, Mitsnefes MM, Ma Q, Kelly C, Ruff SM, Zahedi K, Shao M, 871 
Bean J, Mori K, Barasch J, Devarajan P. Neutrophil gelaƟnase-associated lipocalin (NGAL) 872 
as a biomarker for acute renal injury aŌer cardiac surgery. Lancet 365: 1231–1238, 2005. 873 
doi: 10.1016/S0140-6736(05)74811-X. 874 

41.  Haase-Fielitz A, Bellomo R, Devarajan P, Story D, Matalanis G, Dragun D, Haase M. 875 
Novel and convenƟonal serum biomarkers predicƟng acute kidney injury in adult cardiac 876 
surgery--a prospecƟve cohort study. Crit Care Med 37: 553–560, 2009. doi: 877 
10.1097/CCM.0b013e318195846e. 878 

42.  Johnson RJ, Perez-Pozo SE, Lillo JL, Grases F, Schold JD, Kuwabara M, Sato Y, Hernando 879 
AA, Garcia G, Jensen T, Rivard C, Sanchez-Lozada LG, Roncal C, Lanaspa MA. Fructose 880 
increases risk for kidney stones: potenƟal role in metabolic syndrome and heat stress. 881 
BMC Nephrol 19: 315, 2018. doi: 10.1186/s12882-018-1105-0. 882 

43.  Roncal Jimenez CA, Ishimoto T, Lanaspa MA, Rivard CJ, Nakagawa T, Ejaz AA, Cicerchi C, 883 
Inaba S, Le M, Miyazaki M, Glaser J, Correa-RoƩer R, González MA, Aragón A, Wesseling 884 
C, Sánchez-Lozada LG, Johnson RJ. Fructokinase acƟvity mediates dehydraƟon-induced 885 
renal injury. Kidney Int 86: 294–302, 2014. doi: 10.1038/ki.2013.492. 886 

44.  Roncal-Jimenez C, García-Trabanino R, Barregard L, Lanaspa MA, Wesseling C, Harra T, 887 
Aragón A, Grases F, Jarquin ER, González MA, Weiss I, Glaser J, Sánchez-Lozada LG, 888 
Johnson RJ. Heat Stress Nephropathy From Exercise-Induced Uric Acid Crystalluria: A 889 
PerspecƟve on Mesoamerican Nephropathy. Am J Kidney Dis 67: 20–30, 2016. doi: 890 
10.1053/j.ajkd.2015.08.021. 891 

45.  Deshmane SL, Kremlev S, Amini S, Sawaya BE. Monocyte ChemoaƩractant Protein-1 892 
(MCP-1): An Overview. J Interferon Cytokine Res 29: 313–326, 2009. doi: 893 
10.1089/jir.2008.0027. 894 

46.  Liu Y, Xu K, Xiang Y, Ma B, Li H, Li Y, Shi Y, Li S, Bai Y. Role of MCP-1 as an inflammatory 895 
biomarker in nephropathy. FronƟers in Immunology 14: 1303076, 2024. doi: 896 
10.3389/fimmu.2023.1303076. 897 

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



 30 

47.  Hansson E, Broberg K, Wijkström J, Glaser J, Gonzalez-Quiroz M, Ekström U, 898 
Abrahamson M, Jakobsson K. An exploraƟve study of inflammaƟon-related proteins 899 
associated with kidney injury in male heat-stressed workers. Journal of Thermal Biology 900 
112: 103433, 2023. doi: 10.1016/j.jtherbio.2022.103433. 901 

48.  Lagzdina R, Rumaka M, Gersone G, Tretjakovs P. CirculaƟng Levels of IL-8 and MCP-1 in 902 
Healthy Adults: Changes aŌer an Acute Aerobic Exercise and AssociaƟon with Body 903 
ComposiƟon and Energy Metabolism. Int J Mol Sci 24: 14725, 2023. doi: 904 
10.3390/ijms241914725. 905 

49.  Singh S, Anshita D, Ravichandiran V. MCP-1: FuncƟon, regulaƟon, and involvement in 906 
disease. InternaƟonal Immunopharmacology 101: 107598, 2021. doi: 907 
10.1016/j.inƟmp.2021.107598. 908 

50.  Chan MHS, Carey AL, WaƩ MJ, Febbraio MA. Cytokine gene expression in human skeletal 909 
muscle during concentric contracƟon: evidence that IL-8, like IL-6, is influenced by 910 
glycogen availability. American Journal of Physiology-Regulatory, IntegraƟve and 911 
ComparaƟve Physiology 287: R322–R327, 2004. doi: 10.1152/ajpregu.00030.2004. 912 

51.  Febbraio MA, Hiscock N, Saccheƫ M, Fischer CP, Pedersen BK. Interleukin-6 Is a Novel 913 
Factor MediaƟng Glucose Homeostasis During Skeletal Muscle ContracƟon. Diabetes 53: 914 
1643–1648, 2004. doi: 10.2337/diabetes.53.7.1643. 915 

52.  Pedersen BK, Steensberg A, Fischer C, Keller C, Keller P, Plomgaard P, Wolsk-Petersen E, 916 
Febbraio M. The metabolic role of IL-6 produced during exercise: is IL-6 an exercise 917 
factor? Proceedings of the NutriƟon Society 63: 263–267, 2004. doi: 918 
10.1079/PNS2004338. 919 

53.  Ramesh G, Reeves WB. TNF-α mediates chemokine and cytokine expression and renal 920 
injury in cisplaƟn nephrotoxicity. J Clin Invest 110: 835–842, 2002. doi: 10.1172/JCI15606. 921 

54.  Akcay A, Nguyen Q, Edelstein CL. Mediators of InflammaƟon in Acute Kidney Injury. 922 
Mediators Inflamm 2009: 137072, 2009. doi: 10.1155/2009/137072. 923 

55.  Lee DW, Faubel S, Edelstein CL. Cytokines in acute kidney injury (AKI). Clin Nephrol 76: 924 
165–173, 2011. doi: 10.5414/cn106921. 925 

56.  Hasan AA, Kalinina E, Tatarskiy V, ShƟl A. The Thioredoxin System of Mammalian Cells 926 
and Its Modulators. Biomedicines 10: 1757, 2022. doi: 10.3390/biomedicines10071757. 927 

57.  Kasuno K, Shirakawa K, Yoshida H, Mori K, Kimura H, Takahashi N, Nobukawa Y, Shigemi 928 
K, Tanabe S, Yamada N, Koshiji T, Nogaki F, Kusano H, Ono T, Uno K, Nakamura H, Yodoi 929 
J, Muso E, Iwano M. Renal redox dysregulaƟon in AKI: applicaƟon for oxidaƟve stress 930 
marker of AKI. American Journal of Physiology-Renal Physiology 307: F1342–F1351, 2014. 931 
doi: 10.1152/ajprenal.00381.2013. 932 

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



 31 

58.  Hofer S, Rosenhagen C, Nakamura H, Yodoi J, Bopp C, Zimmermann JB, Goebel M, 933 
Schemmer P, Hoffmann K, Schulze-Osthoff K, Breitkreutz R, Weigand MA. Thioredoxin in 934 
human and experimental sepsis. Crit Care Med 37: 2155–2159, 2009. doi: 935 
10.1097/CCM.0b013e31819fff67. 936 

59.  Liu X, Dong X, Hu Y, Fang Y. IdenƟficaƟon of thioredoxin-1 as a biomarker of lung cancer 937 
and evaluaƟon of its prognosƟc value based on bioinformaƟcs analysis. Front Oncol 13, 938 
2023. doi: 10.3389/fonc.2023.1080237. 939 

60.  Lee YJ, Kim Y, Choi BB, Kim JR, Ko HM, Suh KH, Lee JS. The blood level of thioredoxin 1 as 940 
a supporƟng biomarker in the detecƟon of breast cancer. BMC Cancer 22: 12, 2022. doi: 941 
10.1186/s12885-021-09055-1. 942 

61.  Lau E, Marques C, Pestana D, Santoalha M, Carvalho D, Freitas P, Calhau C. The role of I-943 
FABP as a biomarker of intesƟnal barrier dysfuncƟon driven by gut microbiota changes in 944 
obesity. NutriƟon & Metabolism 13: 31, 2016. doi: 10.1186/s12986-016-0089-7. 945 

62.  Foster J, Mckenna ZJ, Atkins WC, Jarrard CP, Crandall CG. Aging Increases Enterocyte 946 
Damage during a 3-Hour Exposure to Very Hot and Dry Heat: A Preliminary Study. Biology 947 
12: 1088, 2023. doi: 10.3390/biology12081088. 948 

63.  Walter E, Gibson OR, Stacey M, Hill N, Parsons IT, Woods D. Changes in gastrointesƟnal 949 
cell integrity aŌer marathon running and exercise-associated collapse. Eur J Appl Physiol 950 
121: 1179–1187, 2021. doi: 10.1007/s00421-021-04603-w. 951 

64.  Sumi D, Nagatsuka H, Matsuo K, Okazaki K, Goto K. The Impact of Heat AcclimaƟon on 952 
GastrointesƟnal FuncƟon following Endurance Exercise in a Hot Environment. Nutrients 953 
15: 216, 2023. doi: 10.3390/nu15010216. 954 

65.  Snipe RMJ, Costa RJS. Does the temperature of water ingested during exerƟonal-heat 955 
stress influence gastrointesƟnal injury, symptoms, and systemic inflammatory profile? 956 
Journal of Science and Medicine in Sport 21: 771–776, 2018. doi: 957 
10.1016/j.jsams.2017.12.014. 958 

66.  Mohr AE, Crawford M, Jasbi P, Fessler S, Sweazea KL. Lipopolysaccharide and the gut 959 
microbiota: considering structural variaƟon. FEBS LeƩers 596: 849–875, 2022. doi: 960 
10.1002/1873-3468.14328. 961 

67.  McKenna ZJ, Atkins WC, Wallace T, Jarrard CP, Crandall CG, Foster J. GastrointesƟnal 962 
permeability and kidney injury risk during hyperthermia in young and older adults. Exp 963 
Physiol 110: 79–92, 2024. doi: 10.1113/EP092204. 964 

68.  WalleƩ AM, Etxebarria N, Beard NA, Saunders PU, Welvaert M, Périard JD, McKune AJ, 965 
Pyne DB. Running at Increasing IntensiƟes in the Heat Induces Transient Gut 966 
PerturbaƟons. . 967 

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



 32 

69.  Etxebarria N, Beard NA, Gleeson M, WalleƩ A, McDonald WA, Pumpa KL, Pyne DB. 968 
Dietary Intake and GastrointesƟnal Integrity in Runners Undertaking High-Intensity 969 
Exercise in the Heat. . 970 

70.  Chapman CL, Johnson BD, Hostler D, Lema PC, Schlader ZJ. Reliability and agreement of 971 
human renal and segmental artery hemodynamics measured using Doppler ultrasound. J 972 
Appl Physiol (1985) 128: 627–636, 2020. doi: 10.1152/japplphysiol.00813.2019. 973 

71.  Manoharan G, Pijls NHJ, Lameire N, Verhamme K, Heyndrickx GR, Barbato E, Wijns W, 974 
Madaric J, Tielbeele X, Bartunek J, De Bruyne B. Assessment of renal flow and flow 975 
reserve in humans. J Am Coll Cardiol 47: 620–625, 2006. doi: 10.1016/j.jacc.2005.08.071. 976 

72.  Marraccini P, Fedele S, Marzilli M, Orsini E, Dukic G, Serasini L, L’Abbate A. Adenosine-977 
induced renal vasoconstricƟon in man. Cardiovasc Res 32: 949–953, 1996. 978 

73.  Chapman CL, BenaƟ JM, Johnson BD, Vargas NT, Lema PC, Schlader ZJ. Renal and 979 
segmental artery hemodynamics during whole body passive heaƟng and cooling 980 
recovery. Journal of Applied Physiology 127: 974–983, 2019. doi: 981 
10.1152/japplphysiol.00403.2019. 982 

74.  Freemas JA, Worley ML, Gabler MC, Hess HW, Goss CS, Baker TB, Johnson BD, Chapman 983 
CL, Schlader ZJ. Renal vascular control during normothermia and passive heat stress does 984 
not differ between healthy younger men and women. American Journal of Physiology-985 
Renal Physiology 326: F802–F813, 2024. doi: 10.1152/ajprenal.00034.2024. 986 

75.  Foss JL, ConstanƟni K, Mickleborough TD, Chapman RF. Short-term arrival strategies for 987 
endurance exercise performance at moderate alƟtude. Journal of Applied Physiology 123: 988 
1258–1265, 2017. doi: 10.1152/japplphysiol.00314.2017. 989 

76.  Gore CJ, Bourdon PC, Woolford SM, Ostler LM, Eastwood A, Scroop GC. Time and 990 
Sample Site Dependency of the OpƟmized CO-Rebreathing Method. Medicine & Science 991 
in Sports & Exercise 38: 1187–1193, 2006. doi: 10.1249/01.mss.0000222848.35004.41. 992 

77.  Belviranli M, Okudan N, Kabak B. The Effects of Acute High-Intensity Interval Training on 993 
Hematological Parameters in Sedentary Subjects. Medical Sciences 5: 15, 2017. doi: 994 
10.3390/medsci5030015. 995 

78.  Hess HW, Baker TB, Tarr ML, Zoh RS, Johnson BD, Hostler D, Schlader ZJ. OccupaƟonal 996 
Heat Stress RecommendaƟon Compliance AƩenuates AKI Risk Compared with a Work–997 
Rest RaƟo–Matched, PosiƟve Control Scenario. Kidney360 4: 1752, 2023. doi: 998 
10.34067/KID.0000000000000288. 999 

79.  Freemas JA, Goss CS, Ables R, Baker TB, Bruinvels G, Mündel T, MarƟn BJ, Carter SJ, 1000 
Chapman RF, Khandpekar OM, Zoh RS, Schlader ZJ. Fluid balance, kidney funcƟon and 1001 
acute kidney injury risk in healthy men and women during simulated work-related heat 1002 
stress. . 1003 

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



 33 

80.  Hess HW, Heikkinen ME, Tourula E, Hite MJ, Rivers K, Zoh RS, Johnson BD, Hostler D, 1004 
Schlader ZJ. Influence of work intensity on acute kidney injury risk during simulated 1005 
occupaƟonal heat stress. Journal of Applied Physiology 138: 706–717, 2025. doi: 1006 
10.1152/japplphysiol.00590.2024. 1007 

81.  Sparks MA, Crowley SD, Gurley SB, Mirotsou M, Coffman TM. Classical Renin-1008 
Angiotensin system in kidney physiology. Compr Physiol 4: 1201–1228, 2014. doi: 1009 
10.1002/cphy.c130040. 1010 

82.  Cogan MG. Angiotensin II: a powerful controller of sodium transport in the early proximal 1011 
tubule. Hypertension 15: 451–458, 1990. doi: 10.1161/01.hyp.15.5.451. 1012 

83.  Coppola S, Frömter E. An electrophysiological study of angiotensin II regulaƟon of Na-1013 
HCO3 cotransport and K conductance in renal proximal tubules. I. Effect of picomolar 1014 
concentraƟons. Pflugers Arch 427: 143–150, 1994. doi: 10.1007/BF00585953. 1015 

84.  Casellas D, Carmines PK, Dupont M, Redon P, Moore LC. Arteriolar renin and vascular 1016 
effects of angiotensin II in juxtamedullary nephrons. Kidney Int Suppl 30: S60-64, 1990. 1017 

85.  Spät A, Hunyady L. Control of aldosterone secreƟon: a model for convergence in cellular 1018 
signaling pathways. Physiol Rev 84: 489–539, 2004. doi: 10.1152/physrev.00030.2003. 1019 

86.  Danziger J, Zeidel ML. OsmoƟc homeostasis. Clin J Am Soc Nephrol 10: 852–862, 2015. 1020 
doi: 10.2215/CJN.10741013. 1021 

87.  Skorecki KL, Brown D, Ercolani L, Ausiello DA. Molecular Mechanisms of Vasopressin 1022 
AcƟon in the Kidney. Comprehensive Physiology 1991: 1185–1218, 1991. doi: 1023 
10.1002/j.2040-4603.1991.tb01583.x. 1024 

88.  Morgenthaler NG, Struck J, Alonso C, Bergmann A. Assay for the measurement of 1025 
copepƟn, a stable pepƟde derived from the precursor of vasopressin. Clin Chem 52: 112–1026 
119, 2006. doi: 10.1373/clinchem.2005.060038. 1027 

89.  Chapman CL, Johnson BD, Parker MD, Hostler D, Pryor RR, Schlader Z. Kidney physiology 1028 
and pathophysiology during heat stress and the modificaƟon by exercise, dehydraƟon, 1029 
heat acclimaƟon and aging. Temperature (AusƟn) 8: 108–159, [date unknown]. doi: 1030 
10.1080/23328940.2020.1826841. 1031 

90.  Stornello M, Valvo EV, Distefano M, Golino M, Cocuzza F, Vasques E, Modicano V, Leone 1032 
S, Giustolisi V. Influence of glucose load on cardiovascular and humoral responses to a 1033 
cold pressure test. J Hum Hypertens 9: 93–99, 1995. 1034 

91.  Monnard CR, Fellay B, Scerri I, Grasser EK. SubstanƟal Inter-Subject Variability in Blood 1035 
Pressure Responses to Glucose in a Healthy, Non-obese PopulaƟon. Front Physiol 8, 2017. 1036 
doi: 10.3389/fphys.2017.00507. 1037 

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



 34 

92.  Dong Y, Li W, Yin J. The intesƟnal-hepaƟc axis: a comprehensive review on fructose 1038 
metabolism and its associaƟon with mortality and chronic metabolic diseases. CriƟcal 1039 
Reviews in Food Science and NutriƟon 64: 12473–12486, 2024. doi: 1040 
10.1080/10408398.2023.2253468. 1041 

93.  Gonzalez JT, Fuchs CJ, BeƩs JA, Van Loon LJC. Glucose Plus Fructose IngesƟon for Post-1042 
Exercise Recovery—Greater than the Sum of Its Parts? Nutrients 9: 344, 2017. doi: 1043 
10.3390/nu9040344. 1044 

94.  Fuchs CJ, Gonzalez JT, van Loon LJC. Fructose co-ingesƟon to increase carbohydrate 1045 
availability in athletes. J Physiol 597: 3549–3560, 2019. doi: 10.1113/JP277116. 1046 

95.  Mix J, Elon L, Mac VVT, Flocks J, Economos E, Tovar-Aguilar AJ, Hertzberg VS, McCauley 1047 
LA. HydraƟon Status, Kidney FuncƟon, and Kidney Injury in Florida Agricultural Workers. 1048 
Journal of OccupaƟonal and Environmental Medicine 60: e253–e260, 2018. 1049 

96.  Brown CM, Dulloo AG, Yepuri G, Montani J-P. Fructose ingesƟon acutely elevates blood 1050 
pressure in healthy young humans. American Journal of Physiology-Regulatory, 1051 
IntegraƟve and ComparaƟve Physiology 294: R730–R737, 2008. doi: 1052 
10.1152/ajpregu.00680.2007. 1053 

97.  Chapman CL, Holt SM, O’Connell CT, Brazelton SC, Medved HN, Howells WAB, Reed EL, 1054 
Needham KW, Halliwill JR, Minson CT. HypohydraƟon aƩenuates increases in creaƟnine 1055 
clearance to oral protein loading and the renal hemodynamic response to exercise 1056 
pressor reflex. J Appl Physiol (1985) 136: 492–508, 2024. doi: 1057 
10.1152/japplphysiol.00728.2023. 1058 

98.  Wesseling C, Glaser J, Rodríguez-Guzmán J, Weiss I, Lucas R, Peraza S, da Silva AS, 1059 
Hansson E, Johnson RJ, Hogstedt C, Wegman DH, Jakobsson K. Chronic kidney disease of 1060 
non-tradiƟonal origin in Mesoamerica: a disease primarily driven by occupaƟonal heat 1061 
stress. Rev Panam Salud Publica 44: e15, 2020. doi: 10.26633/RPSP.2020.15. 1062 

 1063 

  1064 

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



 35 

Figure Legends 1065 

 1066 

Figure 1: Overview and order of data collecƟon during the experimental trials. RelaƟve Humidity (RH), 1067 

Carbon Monoxide (CO). 1068 

 1069 

Figure 2: Mean arterial pressure (A), heart rate (B), segmental artery blood velocity (C) and segmental 1070 

artery vascular resistance (D) during the cold pressor test (CPT) following consumpƟon of 500 mL of a 1071 

sport drink sweetened with sucrose (Sucrose) or 55% fructose / 45% glucose (Fructose55). Data are 1072 

presented as a change from minute 0. Data was analyzed using a two-way linear mixed model with 1073 

Šidák’s post hoc comparisons. Data are n=12 at baseline  (0-minutes) and n=11 at minute-2 in both trials, 1074 

with data at minute-1 n=11 in the Fructose55 trial and n=12 in the Sucrose trial. Data are presented as 1075 

mean ± SD and individual values. * Indicates significantly different from Sucrose trial (P ≤ 0.05).  1076 

 1077 

Figure 3: Core temperature (A), mean skin temperature (B), heart rate (C), and heart rate presented as a 1078 

percentage of age-predicted maximum (D) throughout the 4-hour work-related heat stress (WrHS) 1079 

simulaƟon. Data are presented as mean ± SD and were analyzed using a two-way linear mixed model 1080 

with Šidák’s post hoc comparisons where necessary. P-values from the two-way linear mixed models are 1081 

reported. All data are n=12. * Indicates significantly different from Sucrose trial (p ≤ 0.05).   1082 

 1083 

Figure 4: Acute kidney injury risk biomarker responses before, during and following work-related heat 1084 

stress. Urine insulin-like growth factor-binding protein 7 (IGFBP7USG) (A), urine Ɵssue inhibitor 1085 

metalloproteinase 2 (TIMP-2USG) (B) and the product of urine IGFBP7 and TIMP-2 ([IGFBP7 • TIMP-2]USG) 1086 

(C). Urinary biomarkers normalized to urine specific gravity and presented before (Baseline), 1087 

immediately aŌer WrHS (Post-WrHS), ~75 minutes aŌer-WrHS (Recovery), and at the 24-hour follow-up 1088 

(24 h). Data were log transformed prior to staƟsƟcal analyses if required and were analyzed using a two-1089 

way linear mixed models with p-values reported. All data are represented as mean ± SD and individual 1090 

values. Urine data at all Ɵmepoints in the Fructose55 trial are n=12 and n=12 in the sucrose trial, except 1091 

at the 24-hour follow-up (24 h), which are n=11. 1092 

 1093 

Figure 5: Mean arterial pressure (A), heart rate (B), segmental artery blood velocity (C) and segmental 1094 

artery vascular resistance (D) during the cold pressor test (CPT) aŌer work-related heat stress (WrHS). 1095 
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Data are presented as a change (D)  from minute 0. Data were analyzed using a two-way linear mixed 1096 

model. All data are n=11 in the Fructose trial. Data are n=12 at rest (0-minutes), n=11 at minute-1, and 1097 

n=12 at minute-2 in the Sucrose trial. Data are presented as mean ± SD and individual values. * Indicates 1098 

significantly different from Sucrose trial (P ≤ 0.05).  1099 

 1100 

Figure 6: Peak change (∆) in mean arterial pressure (A), heart rate (B), segmental artery blood velocity 1101 

(C) and segmental artery vascular resistance (D) during the cold pressor test before- work-related heat 1102 

stress (WrHS) and aŌer-WrHS. Data were analyzed using a two-way linear mixed model. All data before-1103 

WrHS in both trials are n=12. AŌer-WrHS, all data was n=11 in the Fructose55 trial and n=12 in the 1104 

Sucrose trial. Data are presented as mean ± SD and individual values. * Indicates significantly different 1105 

from Sucrose trial (P ≤ 0.05).  1106 

 1107 
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Table 1: ParƟcipant CharacterisƟcs (n=12; 6 women, 6 men)  
 

Mean ± SD [min, max] 
Age (y)  26 ± 7 [19, 41] 
Height (cm)  175 ± 9 [156.0, 190.5] 
Weight (kg)  77.9 ± 18.0 [50.2, 107.8] 
Body surface area (m2)  1.9 ± 0.3 [1.5, 2.29] 
Body mass index (kg/m2)  25.4 ± 4.4 [18.7, 33.5] 
Resting heart rate (bpm)  65 ± 11 [49, 90] 
Age-predicted heart rate max (bpm)  190 ± 5 [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 formulaƟon 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 resƟng renal hemodynamics. 

Measurement Fructose55 Sucrose 
p-value 

Paired t-test 
Mean Arterial Pressure  
(mmHg) 

76 ± 8 75 ± 7 0.530 

Heart Rate  
(bpm) 

56 ± 10 55 ± 12 0.749 

Renal Artery Blood Velocity 
(cm/s) 

31.7 ± 8.0 33.5 ± 6.4 0.523 

Renal Artery Vascular Resistance 
(mmHg/cm/s) 

2.5 ± 0.6 2.3 ± 0.5 0.377 

Segmental Artery Blood Velocity 
(cm/s) 

17.9 ± 2.8 18.1 ± 3.1 0.868 

Segmental Artery Vascular Resistance 
(mmHg/cm/s) 4.3 ± 0.8 4.2 ± 0.6 0.682 

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 regulaƟon and kidney funcƟon markers following acute consumpƟon of 500 mL Sport Drink 

Measurement Timepoint Fructose55 Sucrose 
P-value 

Linear Mixed Model 
Plasma Volume  
(mL) 

Baseline 4654 ± 1923 4493 ± 1820 Time:               
Trial:                
Time x Trial:  

p = 0.812 
p = 0.993 
p = 0.372 Post Drink-1 4608 ± 2009 4538 ± 1900 

Plasma Glucose  
(mg/dL) 

Baseline 91 ± 13 87 ± 11 Time:               
Trial:                
Time x Trial:  

p = 0.014 
p = 0.223 
p = 0.011 Post Drink-1 90 ± 12* 107 ± 20 

Serum Osmolality 
(mOsm/kg) 

Baseline 297 ± 23 302 ± 7 Time:               
Trial:                
Time x Trial:  

p = 0.893 
p = 0.453 
p = 0.568 Post Drink-1 300 ± 6 301 ± 14 

Serum Uric Acid 
(mg/dL) 

Baseline 5.4 ± 1.2 5.3 ± 1.2 Time:               
Trial:                
Time x Trial:  

p = 0.122 
p = 0.179 
p = 0.083 Post Drixnk-1 5.4 ± 1.2 5.1 ± 1.3 

Serum CopepƟn 
(pg/mL) 

Baseline 19.3 ± 12.3 21.8 ± 13.1 Time:               
Trial:                
Time x Trial:  

p = 0.570 
p = 0.917 
p = 0.033 Post Drink-1 23.0 ± 12.6 20.1 ± 15.0 

Serum CreaƟnine 
(mg/dl) 

Baseline 1.0 ± 0.2 0.9 ± 0.3 Time:               
Trial:                
Time x Trial:  

p = 0.004 
p = 0.426 
p = 0.369 Post Drink-1 0.9 ± 0.2 0.9 ± 0.2 

Urine CreaƟnine 
(mg/dl) 

Baseline 99 ± 76 96 ± 80 Time:               
Trial:                
Time x Trial:  

p = 0.002 
p = 0.966 
p = 0.860 Post Drink-1 40 ± 24 42 ± 26 

CreaƟnine Clearance  
(mL/min) 

Baseline 135 ± 105 115 ± 93 Time:               
Trial:                
Time x Trial:  

p = 0.046 
p = 0.622 
p = 0.688 Post Drink-1 167 ± 37 161 ± 43 

Urine Flow Rate 
(mL/min) 

Baseline 1.4 ±0.7 1.3 ± 0.6 Time:               
Trial:                
Time x Trial:  

p < 0.001 
p = 0.875 
p = 0.889 Post Drink-1 4.6 ± 1.7 4.6 ± 2.7 

Serum sodium  
(mmol/L) 

Baseline 140 ± 1 139 ± 1 Time:               
Trial:                
Time x Trial:  

p = 0.006 
p = 0.318 
p = 0.999 Post Drink-1 139 ± 2 138 ± 2 

Urine sodium  

(mmol/L) 
Baseline 81 ± 51 77 ± 64 Time:               

Trial:                
Time x Trial:  

p = 0.001 
p = 0.805 
p = 0.923 Post Drink-1 42 ± 29 40 ± 27 

Serum potassium  
(mmol/L) 

Baseline 4.8 ± 0.5 4.9 ± 0.7 Time:               
Trial:                
Time x Trial:  

p = 0.797 
p = 0.846 
p = 0.303 Post Drink-1 4.8 ± 0.6 4.8 ± 0.6 

Urine potassium  

(mmol/L) 
Baseline 40 ± 31 29 ± 20 Time:               

Trial:                
Time x Trial:  

p = 0.002 
p = 0.085 
p = 0.462 Post Drink-1 22 ± 17 16 ± 12 

Data are presented as means ± SD and analyzed using two-way linear mixed models with Šidák’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 hydraƟon during and aŌer simulated work-related heat stress. 

Measurement Timepoint Fructose55 Sucrose 
P-value 

Paired t-test 
Sweat Rate (L/h) -- 0.6 ± 0.2 0.7 ± 0.3 0.910 
Body Mass Loss (%) -- -0.7 ± 1.0 -0.9 ± 1.0 0.466 
    Linear Mixed Model 
Nude Body Mass (kg) Baseline 76.4 ± 18.3 76.9 ± 18.2 Time:               

Trial:                
Time x Trial:  

p = 0.003 
p = 0.943 
p = 0.271 

Post-WrHS 75.7 ± 17.9 75.9 ± 18.0 
Recovery 75.8 ± 18.1 75.9 ± 18.1 

Plasma Volume (mL) Baseline 4654 ± 1923 4492 ± 1820 Time:               
Trial:                
Time x Trial:  

p = 0.130 
p = 0.936 
p = 0.762 

Post-WrHS 4608 ± 2009 4538 ± 1900 
Recovery 4571 ± 1842 4662 ± 1915 

Serum Osmolality 
(mOsm/kg) 

Baseline 297 ± 23 302 ± 7 
Time:               
Trial:                
Time x Trial:  

p = 0.223 
p = 0.895 
p = 0.341 

Post-WrHS 299 ± 8 292 ± 14 
Recovery 291 ± 23 292 ± 18 
24 h 300 ± 10 300 ± 10 

Urine Osmolality 
(mOsm/kg) 

Baseline 492 ± 298 380 ± 291 
Time:               
Trial:                
Time x Trial:  

p = 0.025 
p = 0.192 
p = 0.615 

Post-WrHS 590 ± 202 572 ± 202 
Recovery 403 ± 289 405 ± 349 
24 h  760 ± 229 664 ± 270 

Urine specific gravity Baseline 1.013 ± 0.007 1.012 ± 0.008 
Time:               
Trial:                
Time x Trial:  

p = 0.078 
p = 0.191 
p = 0.858 

Post-WrHS 1.018 ± 0.006 1.016 ± 0.006 
Recovery 1.014 ± 0.010 1.013 ± 0.011 
24 h 1.022 ± 0.00 5 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 Šidák’s post hoc comparisons where necessary. Data are 

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

follow-up from baseline (24 h). Serum and urine data at all Ɵme 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 Ɵmepoints. Serum data in 

the Sucrose trial at Recovery are n=11, while all other Ɵmepoints 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 funcƟon during and aŌer simulated work-related heat stress. 

Measurement Timepoint Fructose55 Sucrose 
P-value 

Linear Mixed Model 
Serum 
CreaƟnine 
(mg/dl) 

Baseline 0.97 ± 0.23 0.94 ± 0.23 
Time:               
Trial:                
Time x Trial:  

p = 0.007 
p = 0.129 
p = 0.763 

Post-WrHS 1.10 ± 0.30 1.09 ± 0.37 
Recovery 1.08 ± 0.31 1.06 ± 0.34 
24 h  1.00 ± 0.20 0.91 ± 0.20 

Urine  
CreaƟnine 
(mg/dl) 

Baseline 99 ± 76 96 ± 80 
Time:               
Trial:                
Time x Trial:  

p = 0.114 
p = 0.134 
p = 0.530 

Post-WrHS 262 ± 161 212 ± 145 
Recovery 204 ± 246 199 ± 233 
24 h  230 ± 100 193 ± 127 

Serum CopepƟn 
(pg/mL) 

Baseline 19.3 ± 12.3 21.8 ± 13.1 
Time:               
Trial:                
Time x Trial:  

p = 0.531 
p = 0.417 
p = 0.164 

Post-WrHS 22.8 ± 12.3 21.4 ± 12.8 
Recovery 21.0 ± 13.4 18.01 ± 12.1 
24 h  17.0 ± 9.4 21.8 ± 13.2 

CreaƟnine 
Clearance 
(mL/min) 

Baseline 135 ± 105 115 ± 93 
Time:               
Trial:                
Time x Trial:  

p = 0.013 
p = 0.125 
p = 0.409 

Post-WrHS 352 ± 212 309 ± 178 
Recovery 150 ± 36 161 ± 48 
24 h  273 ± 144 203 ± 182 

Serum 
Albumin 
(g/dL) 

Baseline 4.4 ± 0.2 4.4 ± 0.3 
Time:               
Trial:                
Time x Trial:  

p = 0.003 
p = 0.146 
p = 0.541 

Post-WrHS 4.6 ± 0.4 4.5 ± 0.3 
Recovery 4.5 ± 0.3 4.4 ± 0.3 
24 h  4.7 ± 0.3 4.8 ± 0.3 

Urine  
Albumin 
(g/dL) 

Baseline 8.8 ± 6.2 7.4 ± 6.3 
Time:               
Trial:                
Time x Trial:  

p = 0.310 
p = 0.071 
p = 0.578 

Post-WrHS 15.0 ± 9.5 10.7 ± 6.5 
Recovery 27.1 ± 53.0 21.3 ± 31.7 
24 h  16.5 ± 16.6 9.1 ± 7.2 

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

minutes aŌer 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 Ɵme 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 Ɵmepoints. Serum and plasma data in the Sucrose trial at Recovery are n=11, while all other Ɵmepoints are 

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

Measurement Timepoint Fructose55 Sucrose 
P-value 

Linear Mixed Model 

Urine Flow Rate 
(mL/min) 

Baseline 1.4 ± 0.7 1.3 ± 0.6 
Time:               
Trial:                
Time x Trial:  

p = 0.070 
p = 0.156 
p = 0.068 

Post-WrHS 1.7 ± 0.6 2.0 ± 1.1 
Recovery 2.2 ± 1.8 3.3 ± 3.2 
24 h 1.2 ± 0.5 0.9 ± 0.7 

Osmolar  
Clearance  
(mL/min) 

Baseline 2.3 ± 1.9 1.5 ± 1.0 
Time:               
Trial:                
Time x Trial:  

p = 0.027 
p = 0.207 
p = 0.212 

Post-WrHS 3.3 ± 1.8 3.7 ± 2.5 
Recovery 1.7 ± 0.7 1.7 ± 0.8 
24 h 2.8 ± 1.2 1.9 ± 1.5 

Free water 
clearance  
(mL/min) 

Baseline -0.9 ± 1.4 -0.1 ± 1.0 
Time:               
Trial:                
Time x Trial:  

p < 0.001 
p = 0.039 
p = 0.144 

Post-WrHS -0.7 ± 1.3 -1.7 ± 1.8 
Recovery 0.5 ± 1.6 1.8 ± 2.9 
24 h -1.4 ± 1.2 -1.2 ± 1.0 

Serum  
Glucose 
(mg/dL) 

Baseline 91 ± 13 87 ± 11 
Time:               
Trial:                
Time x Trial:  

p = 0.030 
p = 0.005 
p = 0.005 

Post-WrHS 97 ± 16 109 ± 28 
Recovery 93 ± 11* 119 ± 27 
24 h 90 ± 14 96 ± 10 

Serum 
sodium  
(mmol/L) 

Baseline 140 ± 2 139 ± 1 
Time:               
Trial:                
Time x Trial:  

p = 0.029 
p = 0.675 
p = 0.627 

Post-WrHS 139 ± 2 138 ± 1 
Recovery 138 ± 2 139 ± 2 
24 h 140 ± 3 140 ± 2 

Urine  
sodium  

(mmol/L) 

Baseline 81 ± 51 77 ± 63 
Time:               
Trial:                
Time x Trial:  

p = 0.007 
p = 0.631 
p = 0.496 

Post-WrHS 50 ± 27 55 ± 32 
Recovery 29 ± 24 29 ± 22 
24 h 67 ± 43 81 ± 60 

Serum 
potassium  
(mmol/L) 

Baseline 4.8 ± 0.5 4.9 ± 0.7 
Time:               
Trial:                
Time x Trial:  

p < 0.001 
p = 0.771 
p = 0.263 

Post-WrHS 4.2 ± 0.5 4.1 ± 0.4 
Recovery 4.4 ± 0.7 4.1 ± 0.4 
24 h 4.3 ± 0.5 4.3 ± 0.3 

Urine  
potassium  

(mmol/L) 

Baseline 40 ± 31 29 ± 20 
Time:               
Trial:                
Time x Trial:  

p = 0.016 
p = 0.063 
p = 0.528 

Post-WrHS 97 ± 41 79 ± 33 
Recovery 67 ± 74 49 ± 46 
24 h 77 ± 44 49 ± 43 

FracƟonal excreƟon 
of sodium (%) 

Baseline 0.6 ± 0.2 0.6 ± 0.2 
Time:               
Trial:                
Time x Trial:  

p < 0.001 
p = 0.177 
p = 0.116 

Post-WrHS 0.2 ± 0.1 0.3 ± 0.2 
Recovery 0.2 ± 0.1 0.2 ± 0.2 
24 h 0.3 ± 0.1 0.4 ± 0.3 

FracƟonal excreƟon 
of potassium (%) 

Baseline 8.7 ± 5.7 9.6 ± 9.6 
Time:               
Trial:                
Time x Trial:  

p = 0.474 
p = 0.364 
p = 0.449 

Post-WrHS 11.5 ± 5.8 10.8 ± 3.9 
Recovery 10.2 ± 3.8 8.3 ± 2.1 
24 h 10.6 ± 10.7 7.7 ± 6.1 

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

minutes aŌer 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 Ɵme 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 Ɵmepoints. Serum and plasma data in the Sucrose trial at Recovery are n=11, while all 

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

Measurement Timepoint Fructose55 Sucrose 
P-value  

Linear Mixed Model 
Urine  
NGALUSG  
(Log10) 

Baseline  1.2 ± 0.5 1.4 ± 0.8 
Time:               
Trial:                
Time x Trial:  

p = 0.573 
p = 0.372 
p = 0.330 

Post-WrHS 1.4 ± 0.4 1.4 ± 0.4 
Recovery 1.3 ± 0.4 1.5 ± 0.6 
24 h  1.4 ± 0.5 1.5 ± 0.6 

Urine  
NGALUFR  
(Log10) 

Baseline  1.1 ± 0.5 1.1 ± 0.7 
Time:               
Trial:                
Time x Trial: 

p = 0.014 
p = 0.519 
p = 0.304 

Post-WrHS 1.1 ± 0.2 1.1 ± 0.3 
Recovery 1.2 ± 0.3 1.3 ± 0.5 
24 h  1.7 ± 0.6 1.4 ± 0.7 

Urine  
Uric AcidUSG  
(mg/dL) 

Baseline  54 ± 16 47 ± 14 
Time:               
Trial:                
Time x Trial:  

p = 0.266 
p = 0.667 
p = 0.238 

Post-WrHS 45 ± 10 46 ± 10 
Recovery 38 ± 13 45 ± 28 
24 h  46 ± 10 52 ± 16 

Serum  
Uric Acid 
(mg/dL) 

Baseline  5.4 ± 1.2 5.3 ± 1.2 
Time:               
Trial:                
Time x Trial:  

p = 0.013 
p = 0.158 
p = 0.538 

Post-WrHS 6.0 ± 1.6 5.7 ± 1.8 
Recovery 6.0 ± 1.6 5.9 ± 1.7 
24 h 5.6 ± 1.2 5.5 ± 1.3 

Urine  
KIM-1USG 
(ng/dL) 

Baseline  0.4 ± 0.2 0.4 ± 0.2 
Time:               
Trial:                
Time x Trial:  

p = 0.015 
p = 0.073 
p = 0.378 

Post-WrHS 1.2 ± 1.0 1.0 ± 0.7 
Recovery 0.9 ± 0.7 0.8 ± 0.6 
24 h  0.9 ± 0.4 0.8 ± 0.4 

Urine  
KIM-1UFR 
(Log10) 

Baseline  -0.6 ± 0.4 -0.7 ± 0.5 
Time:               
Trial:                
Time x Trial:  

p < 0.001 
p = 0.079 
p = 0.135 

Post-WrHS -0.4 ± 0.5 -0.3 ± 0.4 
Recovery -0.3 ± 0.4 -0.4 ± 0.4 
24 h  0.2 ± 0.3 -0.2 ± 0.6 

Serum 
KIM-1USG 
(pg/dL) 

Baseline  29 ± 15 29 ± 16 
Time:               
Trial:                
Time x Trial:  

p = 0.126 
p = 0.561 
p = 0.251 

Post-WrHS 28 ± 13 29 ± 15 
Recovery 29 ± 15 26 ± 13 
24 h  31 ± 15 29 ± 15 

Urine  
IGFBP7UFR 
(Log10) 

Baseline  1.4 ± 0.4 1.4 ± 0.6 
Time:               
Trial:                
Time x Trial: 

p < 0.001 
p = 0.337 
p = 0.447 

Post-WrHS 1.9 ± 0.4 2.0 ± 0.3 
Recovery 2.0 ± 0.2 2.0 ± 0.3 
24 h  2.0 ± 0.4 1.7 ± 0.5 

Urine  
TIMP-2UFR 
(Log10 

Baseline  0.1 ± 0.5 0.1 ± 0.5 
Time:               
Trial:                
Time x Trial:  

p = 0.002 
p = 0.371 
p = 0.238 

Post-WrHS 0.4 ± 0.3 0.5 ± 0.2 
Recovery 0.5 ± 0.2 0.5 ± 0.3 
24 h  0.8 ± 0.3 0.4 ± 0.6 

 

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

minutes aŌer 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 staƟsƟcal analyses. All 

data are represented as mean ± SD.  Serum, plasma, and urine data at all Ɵme 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 Ɵmepoints. 
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Serum and plasma data in the Sucrose trial at Recovery are n=11, while all other Ɵmepoints are n-12. * Indicates 

significantly different from Sucrose trial (P ≤ 0.05).  
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Table 9: Markers of oxidaƟve stress, inflammaƟon and gut permeability during and aŌer simulated work-related 

heat stress. 

Measurement Timepoint Fructose55 Sucrose 
P-value 

Linear Mixed Model 
Markers of oxidaƟve stress   
Serum  
TRX-1  
(Log10) 

Baseline  1.9 ± 0.4 1.9 ± 0.4 
Time:               
Trial:                
Time x Trial: 

p = 0.079 
p = 0.040 
p = 0.132 

Post-WrHS 1.9 ± 0.5 1.9 ± 0.4 
Recovery 1.9 ± 0.4 1.9 ± 0.4 
24 h  1.9 ± 0.4 1.8 ± 0.4 

Urine  
TRX-1USG  
(Log10) 

Baseline  1.7 ± 0.4 1.7 ± 0.5 
Time:               
Trial:                
Time x Trial: 

p = 0.388 
p = 0.937 
p = 0.150 

Post-WrHS 1.8 ± 0.3 1.7 ± 0.3 
Recovery 1.8 ± 0.3 1.9 ± 0.5 
24 h  1.8 ± 0.4 1.7 ± 0.4 

Urine  
TRX-1UFR  
(Log10) 

Baseline  1.5 ± 0.4 1.5 ± 0.6 
Time:               
Trial:                
Time x Trial: 

p = 0.013 
p = 0.137 
p = 0.069 

Post-WrHS 1.5 ± 0.3 1.5 ± 0.3 
Recovery 1.6 ± 0.3 1.7 ± 0.5 
24 h  2.1 ± 0.5 1.6 ± 0.7 

Markers of inflammaƟon 
Serum  
MCP-1USG  
(Log10) 

Baseline  -0.6 ± 0.2 -0.6 ± 0.2 
Time:               
Trial:                
Time x Trial: 

p < 0.001 
p = 0.222 
p = 0.371 

Post-WrHS -0.4 ± 0.3 -0.5 ± 0.2 
Recovery -0.4 ± 0.3 -0.5 ± 0.2 
24 h  -0.6 ± 0.2 -0.6 ± 0.2 

Urine  
MCP-1USG 
(Log10)  

Baseline  -1.1 ± 0.2 -1.1 ± 0.3 
Time:               
Trial:                
Time x Trial: 

p = 0.026 
p = 0.891 
p = 0.131 

Post-WrHS -0.7 ± 0.3 -0.8 ± 0.3 
Recovery -0.9 ± 0.4 -0.8 ± 0.3 
24 h  -0.9 ± 0.3 -0.9 ± 0.4 

Urine  
MCP-1UFR 
(Log10) 

Baseline  -1.3 ± 0.4 -1.3 ± 0.4 
Time:               
Trial:                
Time x Trial: 

p = 0.004 
p = 0.196 
p = 0.091 

Post-WrHS -1.0 ± 0.4 -1.0 ± 0.3 
Recovery -1.0 ± 0.2 -1.0 ± 0.3 
24 h  -0.6 ± 0.3 -1.0 ± 0.7 

Serum  
IL-6 
(Log10) 

Baseline  -0.4 ± 0.2 -0.4 ± 0.2 
Time:               
Trial:                
Time x Trial: 

p < 0.001 
p = 0.387 
p = 0.772 

Post-WrHS 0.5 ± 0.5 0.4 ± 0.5 
Recovery 0.4 ± 0.4 0.4 ± 0.4 
24 h  -0.3 ± 0.3 -0.3 ± 0.3 

Serum  
TNF-α 
(Log10) 

Baseline  0.2 ± 0.1 0.2 ± 0.2 
Time:               
Trial:                
Time x Trial: 

p = 0.379 
p = 0.556 
p = 0.290 

Post-WrHS 0.3 ± 0.2 0.3 ± 0.2 
Recovery 0.3 ± 0.2 0.3 ± 0.2 
24 h  0.3 ± 0.2 0.2 ± 0.2 

Markers of gut permeability 
Serum  
LBP 
(ng/mL) 

Baseline  4396 ± 1576 4470 ± 1387 
Time:               
Trial:                
Time x Trial: 

p < 0.001 
p = 0.924 
p = 0.387 

Post-WrHS 4076 ± 1352 4158 ± 1111 
Recovery 4160 ± 1698 4314 ± 1287 
24 h  6093 ± 2361 5685 ± 2400 

Serum  
I-FABP 
(ng/mL) 

Baseline  0.7 ± 0.4 0.7 ± 0.4 
Time:               
Trial:                
Time x Trial: 

p = 0.086 
p = 0.874 
p = 0.452 

Post-WrHS 1.0 ± 0.4 0.9 ± 0.6 
Recovery 0.7 ± 0.3 0.7 ± 0.6 
24 h  0.9 ± 0.4 0.9 ± 0.5 

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

minutes aŌer 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 staƟsƟcal analyses. All 

data are represented as mean ± SD. Serum, plasma, and urine data at all Ɵme 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 Ɵmepoints. 

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

significantly different from Sucrose trial (P ≤ 0.05).  
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Table 10: AŌer WrHS ResƟng Renal Hemodynamics 

 
Fructose55 Sucrose 

p-value 

Paired t-test 
Mean Arterial Pressure  
(mmHg) 

76 ± 8 75 ± 7 0.530 

Heart Rate  
(bpm) 

71 ± 17 71 ± 20 0.854 

Renal Artery Blood Velocity 
(cm/s) 34.4 ± 8.0 34.6 ± 5.4 0.956 

Renal Artery Vascular Resistance 
(mmHg/cm/s) 

2.3 ± 0.6 2.2 ± 0.4 0.446 

Segmental Artery Blood Velocity 
(cm/s) 

20.3 ± 3.6 19.3 ± 2.6 0.444 

Segmental Artery Vascular Resistance 
(mmHg/cm/s) 3.9 ± 0.9 4.0 ± 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.   
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Hydrating with a higher-fructose sport drink does not 

worsen acute kidney injury risk during simulated work-

related heat stress

METHODS OUTCOME

CONCLUSION Sugar type in the sport drink did not alter AKI risk, indicating that 

modest differences in fructose content does not meaningfully impact AKI risk. 

Increases in biomarkers of acute kidney 

injury (AKI) risk did not differ between 

Fructose55 and Sucrose trials.

Study Design: Double blind, cross-over

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

Experimental Beverage Composition
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