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Chapman CL, Johnson BD, Vargas NT, Hostler D, Parker MD,
Schlader ZJ. Both hyperthermia and dehydration during physical
work in the heat contribute to the risk of acute kidney injury. J Appl
Physiol 128: 715–728, 2020. First published February 20, 2020;
doi:10.1152/japplphysiol.00787.2019.—Occupational heat stress in-
creases the risk of acute kidney injury (AKI) and kidney disease. This
study tested the hypothesis that attenuating the magnitude of hyper-
thermia (i.e., increase in core temperature) and/or dehydration during
prolonged physical work in the heat attenuates increases in AKI
biomarkers. Thirteen healthy adults (3 women, 23 � 2 yr) exercised
for 2 h in a 39.7 � 0.6°C, 32 � 3% relative-humidity environmental
chamber. In four trials, subjects received water to remain euhydrated
(Water), continuous upper-body cooling (Cooling), a combination of
both (Water � Cooling), or no intervention (Control). The magnitude
of hyperthermia (increased core temperature of 1.9 � 0.3°C; P �
0.01) and dehydration (percent loss of body mass of �2.4 � 0.5%;
P � 0.01) were greatest in the Control group. There were greater
increases in the urinary biomarkers of AKI in the Control trial:
albumin (increase of 13 � 11 �g/mL; P � 0.05 compared with other
trials), neutrophil gelatinase-associated lipocalin (NGAL) (increase of
16 � 14 ng/dL, P � 0.05 compared with Cooling and Water �
Cooling groups), and insulin-like growth factor-binding protein 7
(IGFBP7) (increase of 227 � 190 ng/mL; P � 0.05 compared with
other trials). Increases in IGFBP7 in the Control trial persisted after
correcting for urine production/concentration. There were no differ-
ences in the AKI biomarker tissue inhibitor of metalloproteinase 2
(TIMP-2) between trials (P � 0.11). Our findings indicate that the risk
of AKI is highest with greater magnitudes of hyperthermia and
dehydration during physical work in the heat. Additionally, the
differential findings between IGFBP7 (preferentially secreted in prox-
imal tubules) and TIMP-2 (distal tubules) suggest the proximal
tubules as the location of potential renal injury.

NEW & NOTEWORTHY We demonstrate that the risk for acute
kidney injury (AKI) is higher in humans with greater magnitudes of
hyperthermia and dehydration during physical work in the heat and
that alleviating the hyperthermia and/or limiting dehydration equally
reduce the risk of AKI. The biomarker panel employed in this study
suggests the proximal tubules as the location of potential renal injury.

AKI; exercise; heat stress, hydration; kidney function

INTRODUCTION

Data from rodent models demonstrate that recurrent expo-
sures to heat stress induces nephropathy, which is likely caused
by repeated bouts of kidney injury (20, 48, 50, 51). The extent
of kidney injury from a singular exposure or repeated bouts is
likely proportionate to the magnitude of hyperthermia (i.e., an
increase in core temperature) and/or dehydration (i.e., a hypo-
volemic, hyperosmotic state) incurred during the heat stress.
For instance, data in rodents indicate that drinking water after
heat exposure does not prevent kidney injury, but there is a
protective effect of limiting dehydration by drinking water
during the heat exposure (51). Moreover, kidney injury may
also be independently caused by greater increases in core
temperature during the heat exposure (54). The mechanisms by
which kidney injury is evoked by hyperthermia and/or dehy-
dration are multifactorial and likely include an interplay of
reductions and/or a redistribution of renal blood flow, increases
in circulating vasopressin, hyperuricemia, reductions in renal
ATP, and the activation of the polyol-fructokinase pathway
(16, 50, 51, 54, 58, 62).

Consistent with the data from rodent models, data in humans
indicate that prolonged physical work (e.g., exercise) in hot
environments can reduce kidney function and elevate biomark-
ers of acute kidney injury (AKI) (26, 32, 36, 57). Increases in
these AKI biomarkers may not always reflect true kidney
damage (i.e., clinical AKI) but rather likely indicate an in-
creased risk of developing AKI when these AKI biomarkers
are elevated alongside decreases in renal function (58). The
mechanisms by which AKI risk is elevated with prolonged
physical work in the heat in humans have not been fully
elucidated. The largest gap in knowledge is likely the relative
importance of hyperthermia versus dehydration on AKI risk,
given that this information could transform occupational heat
stress and hydration recommendations aiming to safeguard
renal health in workers. We have previously demonstrated that
increases in AKI biomarkers are influenced by the magnitude
of hyperthermia and dehydration as a consequence of longer
durations of physical work in the heat (57). For methodological
reasons, however, we were unable to isolate hyperthermia from
dehydration; although, we found no statistical evidence that
dehydration was of more (or less) importance than hyperther-
mia. With this background, the purpose of the present study
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was to determine the independent and combined effects of
hyperthermia and dehydration on increases in AKI biomarkers
during physical work in the heat. We hypothesized that pre-
venting dehydration and/or attenuating the rise in core temper-
ature attenuates increases in AKI biomarkers during physical
work in the heat compared with a nonintervention control
condition.

METHODS

Participants. Thirteen healthy adults (3 women) participated in this
study. Subject characteristics were age of 22.6 � 2.0 yr, a height of
176 � 8 cm, a weight of 78.1 � 13.9 kg, and a body mass index of
25 � 3 kg/m2. All subjects were nonsmokers and reported to be free
from any known cardiovascular, renal, metabolic, neurological, or
gastrointestinal diseases. Subjects self-reported to exercise at least 3
days/wk and were recreationally active. The study was conducted
during the months of October–April in Buffalo, NY. Thus, subjects
were assumed to not be heat acclimatized during this time. Female
subjects self-reported to be normally menstruating and were not
pregnant at any point during the study, which was confirmed via a
urine pregnancy test before each trial. Additionally, female subjects
were not on birth control and were tested during the first 10 days of
their self-identified menstruation. Subjects visited the laboratory on
five separate occasions. During the first visit, subjects were screened
and familiarized with the instrumentation and exercise protocol. The
final four visits were the experimental trials. This study was approved
by the Institutional Review Board at the University at Buffalo in
accordance with the Declaration of Helsinki. Informed written consent
was obtained from all subjects before their participation in this study.

Instrumentation and measurements. Height and nude body weight
were measured using a stadiometer and scale (Satorius, Bohemia,
NY). Subjects ingested a telemetry pill (HQ Inc., Palmetto, FL) 6–8
h before arriving at the laboratory for measurement of core tempera-
ture. Skin temperature was measured using four thermochron iButtons
(Maxim Integrated Products, San Jose, CA) attached the right side of
the body on the chest, triceps brachii, quadriceps, and posterior calf.
Urine specific gravity was measured in duplicate using a refractometer
(Atago, Bellevue, WA). Heart rate was measured using a wireless
monitor (Polar Electro, Bethpage, NY). Systolic and diastolic blood
pressure were measured manually in duplicate by the same member of
the research team throughout the study. In addition to wearing shorts
and athletic shoes during exercise, subjects wore a tube-lined water-
perfused suit top that covered the entire upper body except for the
head and hands (Med-Eng, Ottawa, ON, Canada) during all four
experimental trials. To ensure maximal contact between the water-
perfused suit top and the skin, a long sleeve polyester-blend compres-
sion top was worn over the suit. Women wore sports bras, and men
were shirtless underneath the water-perfused suit. Measurements of
thermal sensation (14), thermal comfort (15), and rating of perceived
exertion (4) were taken every 10 min during the exercise protocol
using standard analog scales.

Renal artery and segmental artery blood velocities were obtained
via Doppler ultrasound (GE Vivid-Q, Chicago, IL) and a phased-array
transducer (2.5–3.5 MHz) using the approach previously described in
detail (6, 56). In brief, the coronal approach was utilized with subjects
in the left lateral recumbent position to measure blood velocity in the
distal segment of the right renal artery (renal) and in the middle
portion of the segmental arteries in the right kidney (segmental).
Indelible ink was used to mark the transducer location during baseline
measurements during the first experimental visit, and this location was
used for all subsequent measurements. Subjects were provided with a
marker and were instructed to retrace the area to keep the transducer
location viable for all subsequent visits. Blood velocity measurements
were averaged over the course of nine cardiac cycles. During a
midexhalation, non-Valsalva breath hold, three cardiac cycles were

measured, and this was immediately repeated two more times. This
approach yielded average blood velocity measurements over the
course of ~30 s. Mean blood velocity in the segmental arteries was
averaged across three segmental arteries (n � 9) and across two
segmental arteries (n � 3). Because of acoustic shadowing of the
kidney during three of the four experimental trials, 1 subject was
excluded from the analysis for this measurement, resulting in n � 12
for blood velocity measurements. All blood velocity measurements
were obtained by the same sonographer (C. L. Chapman) with a
within-subject test-retest coefficient of variation for renal blood ve-
locity measurements of 3.9 � 0.8% (renal artery) and 3.9 � 1.2%
(segmental artery). Given the depth of the renal vasculature, it is not
possible to accurately measure vessel diameter using Doppler ultra-
sound. Therefore, renal and segmental blood velocity were interpreted
to reflect changes in renal blood flow (6, 10, 39, 56, 66) because
reductions in renal blood flow during pharmacological intervention
have been shown to be due to decreases in blood velocity with a
maintenance of the vessel diameter (35).

Hemoglobin was measured in duplicate using the Hemopoint H2
(Alere, Orlando, FL), and hematocrit was measured in triplicate using
microcentrifugation. Serum and urine osmolality were measured in
duplicate via freezing point depression (model 3250; Advanced In-
struments, Norwood, MA). Serum measurements of sodium, po-
tassium, creatinine, blood urea nitrogen and uric acid, and urine
measurements of sodium, potassium, creatinine, and albumin were
measured via standard clinical techniques by Kaleida Health,
Department of Pathology and Laboratory Medicine (Williamsville,
NY). Comparative elevations in urine albumin were interpreted as
indicative of greater challenges to glomerular (e.g., permeability
and/or hyperfiltration) or renal tubular reabsorption of albumin (2).
Serum copeptin was measured to indirectly assess vasopressin
release using a human copeptin ELISA kit (LifeSpan BioSciences,
Seattle, WA) (1). Neutrophil gelatinase-associated lipocalin (NGAL)
was measured in the plasma and urine using a commercially available
human NGAL ELISA kit (Toronto Bioscience, Toronto, Canada).
NGAL was measured in the plasma as an indirect indicator of renal
ischemia and/or glomerular dysfunction (30). NGAL was measured in
the urine to allow for comparisons of the magnitude of general renal
tubular injury across experimental conditions (30, 58). Insulin-like
growth factor-binding protein 7 (IGFBP7) and tissue inhibitor of
metalloproteinase 2 (TIMP-2) were measured in the urine using
separate human IGFBP7 and TIMP-2 ELISA kits (RayBiotech Life,
Peachtree Corners, GA). IGFBP7 and TIMP-2 are proteins that induce
G1 cell cycle arrest (12), which occurs in renal epithelial cells during
AKI (67). During AKI, IGFBP7 and TIMP-2 originate from damage
to the glomeruli and/or renal tubules (23). However, IGFBP7 is
preferentially secreted in renal proximal tubules, whereas TIMP-2 is
preferentially secreted in the distal tubules (11). Importantly, urine
IGFBP7 and TIMP-2 received US Food and Drug Administration
approval in 2014 as a screening tool to estimate the risk of AKI
development in clinical practice (12). Notably, the aggregate findings
from our biomarker panel of urine NGAL, IGFBP7, and TIMP-2
likely allow for the indirect examination of the source of kidney injury
(e.g., glomerular versus proximal tubules versus distal tubules) during
prolonged physical work in the heat (58).

Experimental protocol. A quasi-randomized crossover design was
employed, with each subject participating in four experimental trials
in which they walked on a treadmill in a 39.7 � 0.6°C, 32 � 3%
relative humidity environment for two hours (Fig. 1). These environ-
mental conditions were specifically chosen to reflect the thermal
environment for outdoor work during late morning shifts encountered
by workers at risk for AKI (18). In the 4 experimental conditions,
subjects were either provided with a volume of thermoneutral water
(35.1 � 2.0°C) every 15 min that matched the amount of sweat loss as
estimated by changes in body weight (Water), provided continuous
upper-body cooling via a tube-lined suit perfusing 2°C water through-
out exercise (Cooling), received both interventions (Water � Cool-
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ing), or received neither intervention (Control). The water-perfused
suit top was worn in all four experimental conditions to keep exercise
attire the same, but the suit was not perfusing water (i.e., there was no
cooling) in the Water and Control trials. Because of the greatest risks
of participant volitional fatigue or reaching our ethical limit for core
temperature (39.5°C), the Control trial was always performed first so
that the three remaining trials could be matched to the same exercise
duration if stopping criteria were met. The three remaining experi-
mental trials were randomized. During the Control trials, 11 subjects
completed 2 h of exercise, 1 subject stopped at 90 min because of
volitional fatigue, and1 subject stopped at 86 min after reaching our
ethically approved core temperature limit. In these instances, the three
remaining trials were matched to the duration of the Control trials.
Thus, the average exercise duration across subjects was 115 � 12
min. At least 7 days separated the experimental trials to minimize any
potential effects of heat acclimation. Subjects also came into the
laboratory 24 h after the start of each trial for additional data
collection.

Subjects recorded their dietary and fluid intakes during the 24-h
period preceding the start of the trial and during the overnight period
between the end of the experimental trial and the 24-h follow-up visit.
Subjects were instructed to keep dietary and fluid intakes the same
across each preceding 24-h period and across the overnight periods.
Importantly, there were no differences between experimental trials in
food and fluid intakes for the 24 h preceding the start of the trial, and

in the overnight period, which occurred from when the subject
departed the laboratory after recovery from exercise until they arrived
at the laboratory the following day (~18 h) (Table 1). Subjects arrived
at the laboratory having refrained from strenuous exercise, alcohol,
and caffeine for 12 h, and from food for 2 hours. Upon arrival,
subjects voided their bladders, and euhydration was confirmed via a
urine specific gravity of �1.020 (Table 2) (55). Subjects were then
weighed nude and instrumented with a heart rate monitor and four
thermochron iButtons. Thirty minutes after voiding their bladder,
subjects assumed a supine position in a 24.5 � 2.6°C, 30 � 15%
relative-humidity environment. After 20 min of supine rest, measure-
ments of core temperature, heart rate, blood pressure, and renal and
segmental artery blood velocity were taken. Then, a venous blood
sample was taken. Following blood collection and precisely 1 h after
the previous urine void, subjects voided their bladders into a collec-
tion container for measurement of urine volume and calculation of
pre-exercise urine flow rate during this 1-h baseline period. Finally, a
nude body weight measurement was taken.

Following the pre-exercise baseline period, subjects entered the
environmental chamber and immediately measured their body weight
while wearing sneakers and athletic shoes (women with sports bra).
This body weight was used as the reference point during the exercise
period for water volumes provided during the Water and Water �
Cooling trials. Immediately after measuring body weight, subjects
donned the water-perfused suit and compression top. Then, subjects

60 min

Pre-exercise baseline Exercise heat stress

120 min

Post-exercise

20 min

Recovery

60 min

24 h post-exercise

Trial 1: Control
Trials 2-4 (randomized): Water, Cooling, Water + Cooling

Overnight urine collection

~18 hours

Urine
Blood

Cardiovascular
Kidney
Thermal

Urine
24 h food/fluid intake

Cardiovascular
Thermal

Perceptions

Urine
Blood Urine

Blood
Cardiovascular

Kidney
Thermal

Urine
Food/fluid intake

Urine
Blood

Cardiovascular
Kidney
Thermal

Cardiovascular
Kidney
ThermalMeasurements

Timepoint

Duration

Measurements
Urine: volume, specific gravity, osmolality, creatinine, electrolytes, albumin, NGAL, IGFBP7, TIMP-2 
Blood: plasma volume, osmolality, creatinine, electrolytes, BUN, uric acid, copeptin, NGAL
Cardiovascular: heart rate, blood pressure
Kidney: renal and segmental artery blood velocity
Thermal: core temperature, mean skin temperature, % change in body weight
Perceptions: thermal sensation, thermal comfort, RPE
Food/fluid intake

Fig. 1. Schematic of study protocol. In a quasi-randomized crossover design, subjects undertook 2 h of treadmill walking in a 39.7 � 0.6°C, 32 � 3% relative
humidity environment. During exercise heat stress, subjects received water to remain euhydrated (Water; n � 13), continuous upper body cooling (Cooling; n �
12), a combination of both (Water � Cooling; n � 13), or no intervention (Control; n � 13). BUN, blood urea nitrogen; IGFBP7, insulin-like growth
factor-binding protein 7; NGAL, neutrophil gelatinase-associated lipocalin; RPE, rating of perceived exertion; TIMP-2, tissue inhibitor of metalloproteinase 2.

Table 1. Pre-experimental trial and overnight period fluid and food intake

Pre-experimental Trial Overnight

Control Water Cooling Water � Cooling Control Water Cooling Water � Cooling

Fluid volume, mL 3,847 (1,121) 3,933 (1,179) 3,845 (1,303) 3,628 (937) 2,753 (949) 2,833 (811) 3,086 (1,072) 2,747 (789)
Total energy, kcal 2,403 (671) 2,315 (624) 2,574 (1,011) 2,707 (917) 1,885 (747) 2,010 (691) 2,387 (717) 2,574 (824)
Fat, g 95 (39) 93 (40) 87 (41) 95 (35) 69 (40) 67 (25) 83 (37) 95 (54)
Protein, g 108 (46) 113 (42) 109 (40) 125 (56) 89 (43) 92 (33) 108 (38) 121 (51)
Total carbohydrate, g 281 (106) 260 (99) 323 (134) 321 (122) 233 (114) 265 (134) 299 (119) 311 (117)
Sugar, g 88 (59) 84 (54) 127 (61) 98 (68) 77 (76) 95 (105) 110 (66) 100 (64)
Sodium, g 3,064 (1,378) 2,942 (1,741) 3,200 (2,190) 3,352 (1,281) 2,447 (1,163) 2,759 (1,421) 3,031 (1,868) 2,958 (1,564)

Values are expressed as mean (SD). Dietary intakes for the 24 h preceding the start of the experimental trial (Pre-experimental trial) and during the time from
when subjects left the laboratory after the experimental trial until they returned exactly 24 h from the start of pre-exercise for follow-up data collection (an ~18
h period; Overnight). Subjects were instructed to keep all intakes for the pre-experimental trial period the same and to keep all overnight intakes the same across
trials. Thus, pre-experimental trial data and overnight data were analyzed using separate one-way ANOVAs to examine statistical differences between Control
(n � 13), Water (n � 13), Cooling (n � 12), and Water � Cooling (n � 13) groups.
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commenced the exercise period by walking on a treadmill at 4.8 km/h.
The grade of the treadmill was set to elicit 55% of estimated heart rate
maximum within 3 min during the Control trial. Importantly, this
relative heart rate intensity is the average relative heart rate recorded
over ~8 h shift in outdoor workers at risk for AKI (33). This grade was
kept constant for the remainder of the Control trial and for the three
additional experimental trials. Subjects were permitted to watch a
movie or listen to music of their choice during exercise. Every 10 min
throughout the entire exercise period, participants were monitored for
core temperature, heart rate, perceptions of thermal comfort and
thermal sensation, and ratings of perceived exertion. Subjects took a
brief respite from exercise every 15 min to measure body weight.
After removing the water-perfused suits and compression tops, sub-
jects completely towel-dried their entire body to remove excess sweat
before measuring body weight. During the Water and Water �
Cooling trials, a volume of water equal to the amount of body-weight
loss was provided, and subjects were instructed to finish drinking this
water before the next 15 min measurement of body weight. The water
provided was warm (35.1 � 2.0°C) so that any additional amount of
cooling received because the temperature of the water was negligible
during the Water trial. Exercise duration was 2 h or until stopping
criteria were met. The National Institute for Occupational Safety and
Health (NIOSH, Centers for Disease Control and Prevention) guide-
lines recommend drinking sport drinks with balanced electrolytes
when working in the heat for more than 2 h (22). Thus, we specifically
chose a duration of 2 h to eliminate the need to provide a sports drink,
which contains potentially confounding variables like sugar or elec-
trolytes.

Upon completion of the exercise portion, participants were moved
back to the pre-exercise testing room. Subjects immediately assumed
a supine position, and measurements of core temperature, heart rate,
blood pressure, and renal and segmental artery blood velocity were
taken. Then, after 20 min of supine rest, a venous blood sample was
taken (post exercise). After this, nude body weight was measured, and
subjects completely voided their bladders into a urine collection
container. Then, the recovery period commenced. Because the pri-
mary end points for this study were biomarkers in the urine, subjects
were given 500 mL of water to consume in the Control and Cooling
trials (in which water was not provided during exercise) to ensure
adequate urine production after a 1-h recovery period. Subjects
assumed a supine position 30 min into the recovery period. After 20
min of supine rest, measurements of core temperature, heart rate,
blood pressure, and renal and segmental artery blood velocities were
taken. Then, a venous blood sample was taken (recovery). Subjects
then measured their nude body weight and completely voided their
bladders into a urine collection container (occurring 60 min after the
pervious urine void). In the Control and Cooling trials, subjects were
provided with the remaining volume of water to match the amount of
estimated sweat loss through changes in body weight (minus the 500
mL provided during the beginning of the recovery period). This
volume of water ensured that, at minimum, subjects rehydrated
completely after exercise to match their loss of body weight in the
Control and Cooling trials compared with the Water and Water �
Cooling trials (in which hydration matched loss of body weight during
exercise). Importantly, analogous to previously mentioned data in
rodents, this approach yielded findings that were due to dehydration
occurring during the exercise protocol. In all trials, subjects were
given a food and beverage log to complete until they returned to the
laboratory the following day, exactly 24 h after the start of pre-
exercise. Additionally, during this ~18 h period from when they left
the laboratory and to when they returned to the laboratory the
following morning, subjects collected their voided urine into a urine
collection container. Subjects were instructed to perform a final urine
void into the same overnight container exactly 1 h before returning to
the laboratory the following day so that a measure of urine flow rate
over a 1-h period could be compared with that from the pre-exercise
period. Upon returning to the laboratory for the 24-h post-exerciseT
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visit, subjects voided their bladders into a urine collection container
and measured their nude body weight. Then, subjects assumed a
supine position for 20 min. After 20 min of supine rest, measurements
of heart rate, blood pressure, and renal and segmental artery blood
velocities were taken. Finally, a venous blood sample was taken.

Data and statistical analyses. Data are presented as absolute
values. AKI biomarkers are also presented as the absolute change (�)
from baseline because AKI is clinically defined as a rapid reduction in
kidney function (27). Fluid and food intakes from pretrial and over-
night diaries were analyzed for fluid volume and amount of total
energy, fat, protein, carbohydrate, sugar, and sodium using online
software (myfitnesspal, Under Armour, Inc., Baltimore, MD). Mean
skin temperature was calculated according to Ramanthan (47). Mean
arterial pressure was calculated as diastolic pressure plus one-third
pulse pressure. Percentage changes in plasma volume were estimated
using standard equations (9). Urine flow rates were calculated over
1-h periods for pre-exercise, recovery, and 24 h post exerciseas well
as over an approximately 140-min period for post exercise. Creatinine
clearance was calculated as the quotient of urine and serum creatinine
concentration multiplied by urine flow rate. The fractional excretions
of sodium and potassium were calculated from concentrations of
sodium and potassium in the serum and urine and from the change in
serum and urine creatinine concentrations. Osmolar clearance (Cosm)
was calculated as the quotient of osmolality of the urine and plasma
multiplied by urine flow rate. Free water clearance (CH2O) was
calculated as the difference between urine flow rate and Cosm. The
ratio of albumin to urine creatinine (albumin:creatinine) was calcu-
lated because of the recommended advantage in quantifying albumin-
uria when correcting to urine creatinine across a series of urine
samples for a given subject (8). The ratio of blood urea nitrogen
(BUN) to serum creatinine (BUN:creatinine) was calculated as a
general indicator of the cause of increased biomarkers of AKI, with
ratios 	20:1 suggesting prerenal origin (41). Vascular resistance in
the renal and segmental arteries was calculated as mean arterial
pressure divided by blood velocity. Resistive index in the renal and
segmental arteries, which has clinical utility as a predictor of AKI (5),
was calculated as the difference between peak systolic velocity and
end diastolic velocity, divided by peak systolic velocity. Urine NGAL,
IGFBP7, and TIMP-2 were normalized to urine flow rate to provide an
index of biomarker excretion rate and were normalized to urine
concentration (i.e., creatinine and osmolality) (3, 7, 26, 58, 63).
According to the Acute Kidney Injury Network (AKIN) criteria, Stage
1 AKI was defined as an increase in serum creatinine �0.3 mg/dL
from pre-exercise, and Stage 2 AKI was defined as an increase in
serum creatinine greater than two-to threefold or urine output �0.5
mL·kg�1·h for 	12 h (37). Albuminuria was defined as a spot sample
of urine albumin during post-exercise, recovery, and 24 h of � 20
mg/L or timed sample of urine albumin �20 �g/min (8).

One subject was lost to follow-up for their final experimental trial,
a Cooling trial. Thus, Control, Water, and Water � Cooling trials are
reported as n � 13, and Cooling is reported as n � 12. To account for
the loss to follow-up, a mixed-effects model ANOVA using GraphPad
Prism (version 8, GraphPad Prism, La Jolla, CA) was used to analyze
the data. If the ANOVA revealed a significant F value, post hoc
two-tailed Tukey’s test pairwise comparisons were made. Preexperi-
mental trial and overnight food and fluid intakes and overnight urine
collection data across trials were each analyzed using a one-way
ANOVA. For urine albumin, one subject was excluded from the mean
data and statistical analyses during the Control trial at post-exercise
and recovery and at 24 h post exercise because the subject was 	3
standard deviations away from the mean. However, because the
subject’s values were in the physiological ranges, they were plotted as
individual outliers in Fig. 3. An a priori power analysis was performed
using an effect size calculated based on the urine NGAL data pre-
sented in our previous work (7). Using this effect size (f � 0.27) and
the observed within-subject correlation of 0.9, 12 subjects were
required to achieve a power of 0.80 with 
 � 0.05 to identify a

significant interaction (G � Power). Unfortunately, to our knowledge,
there were no data to a priori determine the sample size required for
adequate statistical power for IGFBP7 and TIMP-2. Statistical signif-
icance was set a priori at P � 0.05, and actual P values are reported
where possible. Data are reported as means (SD).

RESULTS

Experimental control of core temperature and hydration
during exercise. At the end of exercise, the greatest increase in
core temperature from pre-exercise occurred in Control
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Fig. 2. Core temperature (A), mean skin temperature (B), and percent loss of
body weight (C) during 2 h of physical work in the heat. During physical work,
subjects received either no intervention (Control), water only to maintain
hydration throughout (Water), continuous upper-body cooling only (Cooling),
or both interventions (Water � Cooling). Data are presented as means (SD).
Statistical analyses are from post hoc two-tailed Tukey’s test pairwise com-
parisons following a mixed-effects model ANOVA: †Control is different from
Water (P � 0.05), ‡Control is different from Cooling (P � 0.03), *Control is
different from Water � Cooling (P � 0.04), ^Water is different from Cooling
(P � 0.05), #Water is different from Water � Cooling (P � 0.03), and
¥Cooling is different from Water � Cooling (P � 0.05).
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(1.9 � 0.3°C; P � 0.01). These increases were attenuated in
Water (1.2 � 0.4°C), Cooling (1.1 � 0.4°C), and Water �
Cooling (0.8 � 0.3°C) (Fig. 2A). Mean skin temperature was
higher by ~3.9 � 0.3°C throughout the exercise period in
Control and Water compared with Cooling and Water �
Cooling (P � 0.01; Fig. 2B). The 15-min rehydration periods
in Water and Water � Cooling minimized dehydration during
exercise (Fig. 2C). The percentage of body weight loss was
greatest in Control and was comparatively attenuated in Cool-
ing (Table 2). Furthermore, there were no differences in the
percentage change in body weight post-exercise in Water and
Water � Cooling compared with pre-exercise (P � 0.87; Table
2). Post-exercise decreases in plasma volume and increases in
plasma osmolality were greatest in the Control trial, and these
responses were attenuated in the Cooling trial (Table 2).
Compared with pre-exercise, plasma volume and plasma os-
molality were relatively maintained at post-exercise in the
Water and Water � Cooling trials (Table 2). At the end of
exercise, ratings of perceived exertion were higher in Control
[15 � 2 arbitrary units (au), ~“hard”; P � 0.01] compared with
Cooling (11 � 1 au, ~“light”) and Water � Cooling (11 � 2
au, ~light) but were not different compared with Water
(13 � 2, ~ “somewhat hard”; P � 0.11). Subjects reported to
be hotter at the end of exercise in Control (6 � 0 au, ~“hot”;

P � 0.01) compared with Cooling (5 � 1 au, ~“slightly
warm”) and Water � Cooling (4 � 1 au, ~“neutral”) but not
Water (6 � 1 au, ~“warm”; P � 0.56). Additionally, subjects
reported to be most thermally uncomfortable in the Control
trial (3 � 1 au, ~“uncomfortable”; P � 0.02) compared with
Water (3 � 1 au, ~uncomfortable), Cooling (2 � 1 au,
~“slightly uncomfortable”), and Water � Cooling (2 � 1 au,
~slightly uncomfortable).

Kidney function and biomarkers of AKI. Urine flow rate at
recovery decreased most in Control (�6.9 � 4.8 mL/min; P �
0.01) compared with Water (�4.5 � 3.5 mL/min), Cooling
(�3.4 � 4.2 mL/min), and Water � Cooling (�3.1 � 4.8
mL/min) (Table 3). The largest magnitude of increase in serum
creatinine occurred in Control post exercise (0.29 � 0.15 mg/
dL; P � 0.04) and at recovery (0.19 � 0.10 mg/dL; P � 0.03)
(Fig. 2, A and B). Urine creatinine was higher at recovery in
Control compared with the other conditions (P � 0.04; Table
3). Creatinine clearance was lower post exercise in Control
compared with Cooling (P � 0.01) and Water � Cooling (P �
0.01) but not with Water (P � 0.16; Table 3). Creatinine
clearance only differed between conditions at recovery in
Cooling and Water � Cooling (P � 0.05; Table 3). The
fractional excretion of sodium was reduced at recovery in
Control compared with Cooling (P � 0.05) and Water �
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Fig. 3. Absolute values and changes (�) in
serum creatinine (A and B), urine albumin (C
and D), and plasma neutrophil gelatinase-
associated lipocalin (NGAL) (E and F) be-
fore (Pre), immediately after (Post), at 1 h of
recovery after Post (Rec), and at 24 h after
Pre-physical work (24 h) in the heat. During,
subjects received either no intervention
(Control), water only to maintain hydration
throughout (Water), continuous upper-body
cooling only (Cooling), or both interventions
(Water � Cooling). For urine albumin, data
from the Control trial (Post and Rec) and
Cooling trial (24 h) in 1 subject are plotted as
singular data points (open circles). These
values are in physiological ranges but were
excluded from the mean data and statistical
analyses given that they are outliers (	3
standard deviations from the mean) to clarify
data interpretation. Statistical analyses are
from post hoc two-tailed Tukey’s test pair-
wise comparisons following a mixed-effects
model ANOVA: †Control is different from
Water (P � 0.05), ‡Control is different from
Cooling (P � 0.04), *Control is different
from Water � Cooling (P � 0.05), ^Water is
different from Cooling (P � 0.05), #Water is
different from Water � Cooling (P � 0.03),
and ¥Cooling is different from Water �
Cooling (P � 0.05).
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Cooling (P � 0.06; Table 3). Increases in serum uric acid were
greater in Control post exercise and at recovery compared with
Water and Water � Cooling (P � 0.02; Table 3). Changes in
serum copeptin were not different between trials (P � 0.08,
Table 3). Blood velocity was higher and vascular resistance in
the segmental artery was lower post-exercise in Cooling com-
pared with Water � Cooling (P � 0.02), but there were no
other differences between trials post exercise in blood velocity,
vascular resistance, and resistive index in the renal and seg-
mental arteries (P � 0.13; Table 4). Increases in urine albumin
were greater at recovery in Control compared with other
experimental conditions (P � 0.05; Fig. 3A). Much larger, but
physiologically relevant, increases in urine albumin occurred
in 1 subject during Control at post-exercise (by 488 �g/mL)
and recovery (by 384 �g/mL) compared with the mean data
(Fig. 3D). Increases in plasma NGAL were greater at post-
exercise in Control compared with the other conditions (P �
0.04; Fig. 3F). There no differences between trials in indices of
renal function and biomarkers of AKI during the overnight
urine collection (Table 5). Positive findings of stage 1 AKI
occurred in 9 out of 13 (69%) subjects following Control, in 3
out of 13 (23%) subjects following Water, 1 out of 12 (8%)
subjects following Cooling, and 0 out of 13 (0%) subjects
following Water � Cooling. Positive findings for stage 2 AKI
were found in 3 out of 13 (23%) subjects for Control, 1 out of
13 (8%) subjects for Water, 1 out of 12 (8%) subjects for
Cooling, and 1 out of 13 (8%) subjects for Water � Cooling.
Albuminuria was found in 6 out of 13 (46%) subjects in
Control, 3 out of 13 (23%) subjects in Water, 0 out of 12 (0%)
subjects in Cooling, and 0 out of 13 (0%) subjects in Water �
Cooling.

Increases in urine NGAL were greater at recovery in Control
compared with Cooling (P � 0.03) and Water � Cooling (P �
0.05; Fig. 4B). There were greater increases in urine IGFBP7 at
recovery in Control compared with Water (P � 0.05), Cooling
(P � 0.05), and Water � Cooling (P � 0.01) (Fig. 4D).
Changes in urine TIMP-2 were not significant between trials
(P � 0.11; Fig. 4F). Normalization of urine NGAL to urine
osmolality revealed increases in Control compared with
Water � Cooling at recovery (P � 0.05; Fig. 5B), but there
were no differences in urine NGAL between trials after nor-
malizing to flow rate and creatinine (Fig. 5, A and C). Addi-
tionally, IGFBP7 in the urine revealed increases in the Control
trial at recovery compared with all other conditions when
normalizing for urine flow rate (P � 0.05; Fig. 5D) and urine
osmolality (P � 0.02; Fig. 5E). Normalizing urine IGFBP7 to
urine creatinine yielded increases at recovery in Control com-
pared with Water (P � 0.02) and Cooling (P � 0.03) (Fig. 5F).
TIMP-2 in the urine did not differ between trials when nor-
malizing for urine flow rate, urine osmolality, or urine creati-
nine (P � 0.08, Fig. 5, G–I).

DISCUSSION

The experimental design of the present study allowed for
direct comparisons of the independent and combined effects of
hyperthermia and dehydration during prolonged physical work
in the heat on AKI biomarker responses. The primary findings
are that 1) increased magnitudes of hyperthermia and dehydra-
tion during physical work in the heat increase the risk of AKI,
2) alleviating hyperthermia and/or preventing dehydrationT
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equally reduces the risk of AKI, and 3) the proximal tubules
are the likely site of renal injury provoked by hyperthermia and
dehydration caused by physical work in the heat.

The magnitude of hyperthermia and dehydration influences
the risk of AKI. A majority of previous work investigating the
link between heat stress and AKI has focused on either dehy-
dration and/or the type of beverage used for rehydration (7, 16,
17, 48, 51) or the duration of physical work (57) as the primary
modulators of increased AKI risk during heat stress. Sato et al.
(54) were the first to report hyperthermia as a modulator for the
extent of kidney damage during heat exposure. Our findings
indicate that hyperthermia and dehydration both contribute the
risk of AKI following physical work in the heat. In the present
study, the risk of AKI was highest in the Control trial, which
elicited the greatest magnitudes of hyperthermia and dehydra-
tion. There were greater increases in AKI biomarkers at post-
exercise (plasma NGAL; Fig. 3) and recovery (albumin,
NGAL, and IGFBP7 in the urine; Figs. 3 and 4) in the Control
trial that were accompanied by reductions in urine flow rate
and creatinine clearance (Table 3). To our knowledge, we are
the first to report the responses of the cell cycle arrest markers
IGFBP7 and TIMP-2 in the context of physical work in the
heat. Notably, our most consistent findings were the increases
in the urine biomarker IGFBP7, which remained consistently
prevalent even after correcting for urine production (flow rate)
and concentration (osmolality and creatinine) (Fig. 5). These
findings indicate that, independent of changes in urine output,
IGFBP7 is more highly secreted in response to greater magni-
tudes of hyperthermia and dehydration during physical work in
the heat.

The albuminuria in the Control trial coincided with greater
increases in urine NGAL and IGFBP7, but differences in
TIMP-2 were not observed across trials. Concomitant increases
in urine NGAL and albumin supports the renal tubules as the
location of injury (59, 64). However, the specific finding that
IGFBP7 was increased but that there were no differences in
TIMP-2 likely isolates the renal proximal tubules as the site of
injury with greater magnitudes of hyperthermia and dehydra-T
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Table 5. Overnight urine collection

Parameter Control Water Cooling
Water �
Cooling

Urine flow rate,
mL·kg·h�1 1.4 (0.9) 1.4 (0.7) 1.5 (0.8) 1.6 (1.0)

Sodium, mmol/L 54 (37) 58 (36) 56 (22) 66 (36)
Potassium, mmol/L 33 (26) 34 (18) 28 (14) 27 (14)
Creatinine, mg/dL 100 (74) 104 (69) 93 (52) 100 (71)
Albumin, �g/mL 4.2 (2.6) 3.9 (2.3) 3.9 (1.8) 4.5 (3.7)
Albumin/creatinine

ratio, mg/g 5.1 (2.2) 4.3 (1.2) 4.8 (1.7) 4.9 (1.8)
NGAL, ng/dL 4.9 (2.9) 5.4 (3.4) 4.7 (2.2) 6.2 (4.5)
IGFBP7, ng/mL 40.8 (27.2) 39.9 (16.6) 38.6 (23.4) 39.4 (29.6)
TIMP-2, ng/mL 0.11 (0.09) 0.10 (0.07) 0.09 (0.09) 0.11 (0.10)

Values expressed as mean (SD). Measures of kidney function and biomark-
ers of acute kidney injury during an overnight urine collection that occurred
approximately over an ~18 h period from the end of recovery from exercise
(i.e., 80 min after the end of exercise) until 24 h from the start of pre-exercise.
Data were analyzed using a one-way ANOVA to examine statistical differ-
ences between Control (n � 13), Water (n � 13), Cooling (n � 12), and
Water � Cooling (n � 13). IGFBP7, insulin-like growth factor-binding protein
7; NGAL, neutrophil gelatinase-associated lipocalin; TIMP-2, tissue inhibitor
of metalloproteinase 2.
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tion during physical work in the heat. Notably, IGFBP7 is
expressed in both proximal and distal tubular epithelial cells
but is preferentially secreted in proximal tubule cells (11). This
is in contrast to TIMP-2, which is expressed and secreted to a
larger degree in distal tubule cells (11). The findings from our
biomarker panel indicate that the injury likely occurs in the
renal proximal tubules, which aligns with many of the pro-
posed mechanisms of kidney injury in rodent models (see
Potential mechanisms of increased risk of renal proximal
tubular injury).

Despite the fact that clinical AKI and proteinuria have been
previously associated with physical work in the heat (60), to
our knowledge, the present study is the first to report of the
effect of hyperthermia and/or dehydration on urine albumin
when exercise duration and intensity are controlled. Post-
exercise proteinuria is a well-documented phenomenon that is
more dependent on the intensity of exercise compared with
exercise duration (43, 44). Poortmans and Vanderstraeten (45)
have suggested that post-exercise proteinuria occurs because of
an increased glomerular permeability and saturation of the
renal tubular reabsorption processes resulting in greater albu-
min excretion in the urine. It is likely that this albuminuria in
the Control trial is due to tubular causes given that the tubular

etiology of the observed increases in urine NGAL and IGFBP7
and that albuminuria is also a function of reductions in tubular
albumin reabsorption and/or tubular albumin synthesis (64).

Potential mechanisms of increased risk of renal proximal
tubular injury. The mechanisms for the comparatively greater
increases in biomarkers of AKI in the Control trial are likely
multifactorial. Exercise (28), hyperthermia (46), and dehydra-
tion (40) independently reduce renal blood flow, with greater
reductions occurring when these conditions are combined (61).
Additionally, data in animals reveal that hyperthermia (38) and
dehydration (21) elicit profound reductions in blood flow in the
renal cortex, the predominant location for sodium reabsorption
in the proximal tubules. Sodium reabsorption is increased with
greater magnitudes of dehydration during prolonged work in
the heat (42) and, in addition to the reduced oxygen delivery to
the renal cortex, may contribute to greater renal ATP depletion.
This conclusion is supported by data from Sato et al. (54),
which indicate that hyperthermia independently reduces renal
ATP. Renal ATP depletion is believed to be one of the
potential mechanisms by which physical work in the heat
increases risk for AKI (58). In the present study, we were
unable to directly measure renal ATP or renal blood flow
during the exercise protocol. However, our data indicate that
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urine neutrophil gelatinase-associated lipoca-
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and D), and urine tissue inhibitor of metallo-
proteinase 2 (TIMP-2) (E and F) before
(Pre), immediately after (Post), at 1 h of
recovery after Post (Rec), and 24 h after
Pre-exercise (24 h) in the heat. During exer-
cise, subjects received either no intervention
(Control), water only to maintain hydration
throughout (Water), continuous upper-body
cooling only (Cooling), or both interventions
(Water � Cooling). Statistical analyses are
from post hoc two-tailed Tukey’s test pair-
wise comparisons following a mixed-effects
model ANOVA: †Control is different from
Water (P � 0.05), ‡Control is different from
Cooling (P � 0.05), *Control is different
from Water � Cooling (P � 0.05), and
¥Cooling different from Water � Cooling
(P � 0.01).

723AKI RISK FOLLOWING PHYSICAL WORK IN THE HEAT

J Appl Physiol • doi:10.1152/japplphysiol.00787.2019 • www.jap.org
Downloaded from journals.physiology.org/journal/jappl at CDC Information Center (158.111.236.060) on June 24, 2021.



the increased risk of AKI with greater hyperthermia and
dehydration were not related to differential changes in renal or
segmental artery vascular resistance in the post-exercise and
recovery periods (Table 4). Unfortunately, it is not feasible to
utilize the Doppler ultrasound technique for renal and segmen-
tal artery blood velocity during treadmill walking. Thus, we are
unable to determine if differences in renal and/or segmental
artery vascular resistance during the exercise protocol may
have contributed to the AKI biomarker responses. However,
our data support the idea that an increased sodium reabsorption
occurred during the Control trial, which may have contributed
to greater reductions in renal ATP (Table 3).

Renal cortical vasoconstriction (53) and reductions in
intracellular ATP in renal proximal tubular cells (69) are
also independently induced by uric acid. In the present
study, the greatest increase in serum uric acid occurred with
the largest combination of hyperthermia and dehydration,
and these findings were sustained into the recovery period
(Table 2). The potential for uric acid as a mechanism by
which AKI risk is increased with greater magnitudes of
hyperthermia and dehydration is supported by data in rodent

models that report protective effects against heat stress-
induced renal injury with treatment from the uric acid-
lowering drug allopurinol (50). Recent findings from Xiao et
al. (69) indicate that hyperuricemia induces proximal tubu-
lar injury through impairments of sodium potassium ATPase
in the proximal tubule. Uric acid is also released via the
polyol-fructokinase pathway as a byproduct of fructose
metabolism from fructokinase in the renal proximal tubules,
which can occur secondary to endogenous fructose produc-
tion in the kidneys in response to hyperosmolality (34). In
the present study, AKI risk was greatest in the Control trial,
which elicited a hypovolemic, hyperosmotic dehydration
(Table 2) and potentially may have increased polyol-fruc-
tokinase activation. In a rodent model, attenuating dehydra-
tion during heat stress reduces the extent of both polyol-
fructokinase pathway activation and kidney injury (51).
Additionally, activation of the polyol-fructokinase pathway
is energetically costly and depletes renal ATP (31). Inter-
estingly, uric acid activates aldose reductase and stimulates
endogenous fructose production in hepatocytes (52), but to
our knowledge, there has not been direct investigation of a
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hyperuricemia induced activation of the polyol-fructokinase
pathway in renal proximal tubular cells.

Notably, the polyol-fructokinase pathway is also partially
mediated by vasopressin release (49, 62) and has been impli-
cated in renal injury resulting from greater magnitudes of
dehydration during heat stress in rodent models (51). To our
knowledge, it is not currently possible to quantify fructokinase
activation in human renal tubules. Thus, our understanding of
the potential role of the polyol-fructokinase pathway as a
mechanism by which AKI risk is increased following physical
work in the heat is incomplete and speculative. However, data
in rodent models indicate that vasopressin mediates fructoki-
nase activity in the context of heat stress-induced dehydration
(49), which is partially supported by previous findings from
our laboratory that increases in serum copeptin are greater
when consuming a high-fructose soft drink during and follow-
ing physical work in the heat (7). In contrast, the present study
does not support vasopressin as a mechanism for the increased
risk of AKI with hyperthermia and dehydration from physical
work in the heat because there were no observed differences in
serum copeptin across trials (Table 3). Thus, we speculate that
vasopressin is more likely to increase the risk of AKI when a
large volume of fructose is ingested during physical work in
the heat. In support of this, increases in vasopressin have been
reported independent of osmolality with fructose exposure in
humans (68), and increases in plasma copeptin are not modi-
fied with antioxidant supplementation during and/or after fruc-
tose consumption in a recurrent heat-stress rodent model (17).

Considerations. There are a few considerations that warrant
discussion. First, the extent to which absolute AKI risk is
increased with the observed increases in AKI biomarkers in the
context of physical work in the heat is not known. Thus,
interpretation of these biomarkers must be generalized as
relative to the other experimental trials in our study. Increases
in these AKI biomarkers (IGFBP7 and NGAL) together with
albuminuria in the Control trial likely represent a greater risk
of pathology with combined hyperthermia and dehydration
during physical work in the heat. Notably, a larger AKI
biomarker response to a given trial is probably indicative of a
comparatively greater pathological response, but this situation
may not reflect true (clinical) AKI that is characterized by
kidney damage. The magnitude by which these AKI biomark-
ers must increase to be classified as clinical AKI is not
currently known in the context of physical work in the heat.
We believe it is unlikely that true AKI occurred, despite the
fact that more subjects met the clinically defined criteria for
Stage 1 and Stage 2 AKI in this trial, because these AKI
biomarkers recovered within ~18 h following exercise in the
heat. Second, the findings presented herein are constrained to
the conditions employed. For instance, because of the rela-
tively short duration of physical work (2 h), it is possible that
our findings are underestimating the response of these bio-
markers in occupations with sustained hyperthermia and dehy-
dration caused by longer work shift durations (e.g., agricultural
workers). Third, the work intensity employed in the present
study was kept constant to reflect the average intensity across
a work shift of agricultural workers at risk of AKI (33). Further
investigation is warranted in models simulating manual labor
over a longer work duration, in which intensity fluctuates
between moderate and high, with planned rest periods. Fourth,
it is not clear if the reductions in urine flow rate and creatinine

clearance in the Control trial in the present study are indicative
of reduced kidney function occurring secondary to injury or
simply represent the normal physiological response to hyper-
thermia and dehydration. For instance, it may be that renal
blood flow was reduced during the exercise portion of the
noncooling trials, despite no differences between trials at
post-exercise, which resulted in a reduced creatinine clearance
in the Control and Water trials. Fifth, although the data
obtained from pre-exercise urine samples were consistent
across the four trials with a 1-h timed sample, a better baseline
comparison could be made with a 24-h baseline urine collec-
tion. We recommend future studies incorporate a 24-h baseline
urine collection. Sixth, it is not known if cardiorespiratory
fitness is protective against the risk of AKI following physical
work in the heat. Subjects in the present study self-reported to
be recreationally active, and exercise intensity was performed
at a relative intensity rather than absolute intensity to account
for potential differences in cardiorespiratory fitness. Future
work should consider the impact of cardiorespiratory fitness or
physical activity levels on biomarkers of AKI following phys-
ical work in the heat. Seventh, in the present study, women
were tested within the first 10 days of their menstrual cycle.
The extent to which changes in the hormonal profile across the
menstrual cycle, which influences thermoregulation and the
regulation of volume status (19), impacts biomarkers of AKI
following physical work in the heat remains unknown. Lastly,
the extent to which the positive findings of serum creatinine-
based Stage 1 and Stage 2 AKI and albuminuria are indicative
of a true AKI versus an increased risk of AKI (or kidney strain)
in the context of physical work in the heat are not known.

Perspectives. There is increasing evidence of chronic kidney
disease of unknown etiology (CKDu) and/or AKI among
individuals who frequently perform outdoor, physical work in
the heat (e.g., agricultural workers) (18, 25, 32). One of the
primary hypotheses for the etiology of CKDu is that repetitive
insults of transient (i.e., lasting �3 days) or subclinical AKI
caused by physical work in the heat can progress into nephrop-
athy, a risk that could increase because of climate change (20,
24). Indeed, a meta-analysis by Flouris et al. (13) found an
~15% incidence of kidney disease or AKI in individuals whose
occupation requires them to work in the heat for a minimum of
2 mo/yr for 6 h/day and 5 days/wk. Thus, understanding the
mechanisms underlying the increased risk of AKI from phys-
ical work in the heat may mitigate the risk of CKDu in these
populations (58). Notably, the findings in the present study are
supported by renal biopsies obtained from patients with CKDu,
which reveal mild-to-moderate chronic tubulointerstitial dam-
age with additional signs of tubular damage present in the urine
(65). Based on the data from the present study, countermea-
sures designed to reduce AKI risk should attenuate the mag-
nitude of hyperthermia and/or dehydration. Ice cooling vests
have been shown to attenuate increases in core temperature
during exercise in the heat (29) and thus, have the potential to
reduce the risk of AKI. Additionally, it is not known if ad
libitum water intake during physical work in the heat, which
attenuates the magnitude of dehydration but does not prevent
dehydration (42), is sufficient to attenuate the risk of AKI. The
efficacy of cooling devices and rehydration protocols in pro-
tecting against AKI warrants further investigation. Addition-
ally, together with our previous work (7), our findings highlight
the importance of the timing of when biological samples are
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collected. In the present study, blood-based biomarkers were
increased closer to the cessation of the exercise protocol
compared with the urine-based biomarkers. This may have
important ramifications given the continued need to measure
AKI biomarkers in both experimental and field settings. More-
over, the kinetic response of each biomarker may be different.
For example, the urine biomarkers IGFBP7 and TIMP-2 ap-
pear to increase before injury occurs, whereas urine NGAL
may only increase in response to an injury (70). Thus, further
investigation into the kinetic profile of the biomarkers of AKI
in the context of physical work in the heat is warranted, so that
detection of the risk of AKI is not missed due to mistiming the
collection of biological samples.

Conclusions. The present study provides evidence in hu-
mans that greater magnitudes of hyperthermia and dehydration
increase the risk for AKI following physical work in the heat.
Additionally, this study is the first to report the response of
urine biomarkers IGFBP7 (which increased to a greater extent
in Control) and TIMP-2 (no differences between trials) follow-
ing physical work in the heat. The biomarker panel employed
in this study indicates that hyperthermia and dehydration code-
pendently contribute to the increased risk of AKI, and that the
location of this injury is likely in the renal proximal tubules.
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