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Abstract

Wet bulb temperatures (Tyet) during extreme heat events are commonly 31°C. Recent predictions indicate that T,y Will approach
or exceed 34°C. Epidemiological data indicate that exposure to extreme heat events increases kidney injury risk. We tested the
hypothesis that kidney injury risk is elevated to a greater extent during prolonged exposure to Tyt = 34°C compared with Tyet =
31°C. Fifteen healthy men rested for 8 h in Tye: = 31 (0)°C and Tyt = 34 (0)°C. Insulin-like growth factor-binding protein 7
(IGFBP7), tissue inhibitor of metalloproteinase 2 (TIMP-2), and thioredoxin 1 (TRX-1) were measured from urine samples. The pri-
mary outcome was the product of IGFBP7 and TIMP-2 ([IGFBP7-TIMP-2]), which provided an index of kidney injury risk. Plasma
interleukin-17a (IL-17a) was also measured. Data are presented at preexposure and after 8 h of exposure and as mean (SD)
change from preexposure. The increase in [IGFBP7-TIMP-2] was markedly greater at 8 h in the 34°C [+ 26.9 (27.1) (ng/mL)z/
1,000) compared with the 31°C [+ 6.2 (6.5) (ng/mL)?/1,000] trial (P < 0.01). Urine TRX-1, a marker of renal oxidative stress, was
higher at 8 h in the 34°C [+ 77.6 (47.5) ng/min] compared with the 31°C [+ 16.2 (25.1) ng/min] trial (P < 0.01). Plasma IL-17a, an inflam-
matory marker, was elevated at 8 h in the 34°C [+199.3 (90.0) fg/dL; P < 0.01] compared with the 31°C [+ 9.0 (95.7) fg/dL] trial.
Kidney injury risk is exacerbated during prolonged resting exposures to T, experienced during future extreme heat events (34°C)
compared with that experienced currently (31°C), likely because of oxidative stress and inflammatory processes.

NEW AND NOTEWORTHY We have demonstrated that kidney injury risk is increased when men are exposed over an 8-h pe-
riod to a wet bulb temperature of 31°C and exacerbated at a wet bulb temperature of 34°C. Importantly, these heat stress condi-
tions parallel those that are encountered during current (31°C) and future (34°C) extreme heat events. The kidney injury
biomarker analyses indicate both the proximal and distal tubules as the locations of potential renal injury and that the injury is

likely due to oxidative stress and inflammation.

acute kidney injury; heat stress; heat waves; kidney function

INTRODUCTION

Extreme heat events (e.g., heat waves) pose an imminent
threat to public health (1, 2), particularly given the projected
rise in mean temperatures throughout the world, including
in the United States (3). The frequency, intensity, duration,
and geographical area of extreme heat events are anticipated
to precede rises in global temperatures (4). Recent evidence
indicates that the top causes of excess hospital admissions
during extreme heat events are 1) fluid and electrolyte distur-
bances (e.g., dehydration) and 2) kidney injury, which often
occurs secondary to dehydration (5, 6). Extreme heat event
severity is predicted to worsen such that wet bulb tempera-
tures (Twe) in many locations across the globe could
approach 34-35°C, the limit of thermal compensability (i.e.,
the threshold at which autonomic temperature regulation is
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not sufficient to achieve heat balance) during resting condi-
tions (3, 7, 8). Notably, however, although Ty during cur-
rent extreme heat events approaches (but rarely exceeds)
~31°C (3), this relatively lower Ty, has resulted in tens of
thousands of deaths and many more hospitalizations (9),
many of which are due to kidney injury (5, 6).

Elevations in Ty can bring about hyperthermia (i.e., an
increase in core body temperature) and dehydration (i.e., a
hypovolemic and hyperosmotic state caused by sweating
and/or inadequate fluid intake) (10). Our laboratory has iden-
tified that hyperthermia and/or dehydration increase the
risk of developing kidney injury during physical work in the
heat in young, healthy adults (6, 11-14). In the context of
conducting controlled human subject laboratory-based stud-
ies, kidney injury risk is perhaps best examined utilizing a
panel of urinary biomarkers [e.g., neutrophil gelatinase-
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associated lipocalin (NGAL), etc.], which enable investiga-
tion of the renal pathophysiological consequences of hyper-
thermia and/or dehydration (6, 14). This approach avoids
the limitations associated with more traditional clinical
assessments of kidney injury that are invalid during heat
stress and/or body water depletion (e.g., serum creatinine-
and urine flow rate-based measurements) (6, 14). Notably,
to date, the product of urinary markers of insulin-like
growth factor-binding protein 7 (IGFBP7) and tissue inhib-
itor metalloproteinase 2 (TIMP-2) ([IGFBP7-TIMP-2]) is the
only US Food and Drug Administration-approved bio-
marker with an indication for assessing kidney injury risk
in clinical practice (6, 15). By employing this urinary kid-
ney injury biomarker approach, the primary purpose of
the present study was to examine risk of kidney injury dur-
ing prolonged resting exposure to conditions that closely
parallel the current Ty, [i.e., 31°C (3)] and projected Tyer
[i.e., 34°C (3)] experienced during extreme heat events. We
tested the hypothesis that an 8-h resting exposure to a Tyet
of 31°C without access to fluids increases [IGFBP7-TIMP-2]
and that increases in [IGFBP7-TIMP-2] are further exacer-
bated during exposure to a Tye: 0of 34°C.

A secondary purpose of the present study was to examine
the mechanisms by which prolonged extreme resting heat
exposure increases kidney injury risk. The increased risk of
kidney injury during heat exposure is believed to be initiated
by hyperthermia- and/or dehydration-mediated reductions
in kidney blood flow that, in the presence of an increased
demand for sodium reabsorption (an ATP dependent pro-
cess), create an oxygen supply-demand mismatch in the re-
nal tubules (16, 17). Indeed, rodent models of heat stress-
induced kidney injury have identified that oxidative stress is
likely mediated by a reduction in functional mitochondrial
mass within the kidneys, thereby disrupting ATP generation
via oxidative phosphorylation and electron transport chain
activity (18). The subsequent ATP depletion results in a rela-
tive renal ischemia and activation of inflammatory pathways
(6). Therefore, we also tested the hypothesis that the increase
in kidney injury risk would be contributed to by renal oxida-
tive stress and inflammation.

METHODS

Ethical Approval

The study was approved by the Institutional Review Board
at the University at Buffalo. The study conformed to the
Declaration of Helsinki, except for registration in a database.
Before participating in any study-related activities, each sub-
ject was fully informed of the experimental procedures and
possible risks before providing informed written consent. A
portion of the data presented here was previously published
in a manuscript that tested a unique hypothesis (10).

Subjects

Fifteen healthy men participated in the study, and subject
characteristics are presented in Table 1. All subjects self-
reported to be nonsmokers, not taking medications, and free
of any known cardiovascular, metabolic, neurological, or re-
nal diseases. Additionally, subjects were not heat acclimated
and self-reported to regularly engage in physical activity.

Table 1. Subject characteristics

Age, yr 23[20, 32]
Height, cm 179 [166, 198]
Weight, kg 84.5[59.5,134.4]
Body surface area, m? 20[17,2.7]
Body mass index, kg/m? 26.0[21.6,34.3]
Heart rate, beats/min 63 [48, 76]
Systolic blood pressure, mmHg 117 [104, 126]
Diastolic blood pressure, mmHg 75 [62, 94]

Subject characteristics and anthropometrics collected during the
screening visit. Values are presented as mean [min, max].

Study Design

Subjects visited the laboratory on three occasions sepa-
rated by at least 7 days to minimize any potential carryover
effects. The first visit involved screening and familiarization,
and the second and third visits were experimental trials. The
experimental trials differed only with regard to the ambient
conditions and consisted of 8 h of seated exposure to warm
and very humid environments. In one condition Ty Was 31
(0)°C [dry bulb temperature: 32 (0)°C, relative humidity: 95
(2)%], and in the other condition Ty, was 34 (0)°C [dry bulb
temperature: 35 (0)°C, relative humidity: 96 (2)%] The experi-
mental trials were completed in a randomized order, and
subjects were blinded to the experimental condition. All ex-
perimental trials were completed throughout the calendar
year in Buffalo, NY, a climate that has been shown to induce
minimal heat acclimatization (19).

Subjects avoided exercise, alcohol, and caffeine for at least
12 h before arrival at the laboratory, and all subjects were
instructed to eat a light meal ~2 h before arriving. Upon ar-
rival, subjects provided a urine sample by completely voiding
their bladder in a collection urinal. Euhydration, defined as a
urine specific gravity (USG) < 1.020 (20), was confirmed
[31°C: 1.010 (0.006) and 34°C: 1.009 (0.006); P = 0.22]. After
urine collection, subjects drank 250 mL of cool tap water to
promote urine production over the subsequent 60 min.
Subjects then sat and rested for 60 min. During this rest
period, a baseline venous blood sample was obtained.
After 60 min, subjects voided their bladder in a separate
collection urinal to establish a baseline urine flow rate
over this 60-min period. After this baseline urine sample,
the preexposure data were recorded in a temperate ther-
mal environment [dry bulb temperature: 26 (1)°C; 39 (14)%
relative humidity], after which the 8-h exposure com-
menced, with the data collected as indicated below.

Subjects wore a standard uniform of long pants, a short-
sleeved cotton t-shirt, and athletic shoes at all times. The
estimated insulation of the clothing ensemble is 0.47 clo (21).
Both experimental trials commenced in the morning
(between 0800 and 0900) and took place at the same time of
day to control for circadian effects. Subjects remained seated
on a mesh chair throughout the duration of each trial.
Subjects were not allowed to eat or drink at any time during
the experimental trials.

Instrumentation and Measurements

Dry bulb temperature and relative humidity were meas-
ured (Kestrel 3000 Weather Meter; Kestrel Instruments,
Boothwyn, PA) every 10 min and are presented as mean (SD)
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across each 8-h trial. Height and body mass were measured
with a stadiometer and scale (Sartorius, Bohemia, NY). Nude
body mass was measured before and after exposure.

Core temperature was measured via a telemetry pill that
each subject swallowed ~90 min before each experimental
trial (HQ Inc., Palmetto, FL). The timing of ingestion was
chosen to ensure that the temperature pill stayed within
the gastrointestinal tract throughout the entire duration of
each experimental trial (~10-h period), which could not be
guaranteed if subjects ingested the pill the recommended
6-8 h before data collection. Core temperature data were
recorded every 10 min and are presented at preexposure
and at 4 and 8 h in the present study. This approach pro-
vides a valid measure of core temperature when drinking
is prohibited (22). Mean skin temperature was measured
continually as the weighted average of 12 thermochron
iButtons (Maxim Integrated, San Jose, CA) with the following
equation: (0.07 - forehead) + (0.14 - forearm) + (0.5 - dorsal
hand) + (0.07 - lower leg) + [0.13 - (shin + calf)/2] + [0.19 -
(hamstring + anterior thigh)/2] + [0.35- (chest + abdomen +
subscapular + lower back)/4] (23). Mean skin temperature is
presented as 5-min averages at preexposure and at 4 and 8 h
during each experimental trial.

Systolic and diastolic blood pressure were measured man-
ually in duplicate. Mean arterial pressure was calculated as
diastolic pressure plus one-third pulse pressure and is
reported at preexposure and at 4 and 8 h during each trial.
Heart rate was recorded continuously from a standard heart
rate monitor (Polar Electro, Bethpage, NY) and is reported at
preexposure and at 4 and 8 h during each trial.

Venous blood and urine samples were collected preexpo-
sure and 4 and 8 h into each trial. This sample interval was
chosen because it would have been unlikely that subjects
could micturate more often during exposure to these condi-
tions without fluid replacement. Urine samples were col-
lected by subjects completely voiding their bladder into a
collection urinal. There were a few instances where subjects
were unable to provide a urine sample at the 4 and 8 h time
points because of the prolonged dehydration without fluid
replacement. Therefore, the numbers of samples (i.e., n) for
all parameters from urine samples are reported for each trial
and time point (31°C trial: preexposure n = 15; hour 4 n = 15;
hour 8 n = 14; 34°C trial: preexposure n = 15; hour 4 n = 14;
hour 8 n = 13), unless otherwise reported. Urine specific grav-
ity was measured in duplicate with a refractometer (ATAGO
Co., Ltd, Tokyo, Japan).

Hemoglobin was measured in duplicate with the Hemo-
point H2 (Alere, Orlando, FL), and hematocrit was measured
in triplicate by microcentrifugation. Plasma and urine osmo-
lality were measured in duplicate via freezing-point depres-
sion (model 3250; Advanced Instruments, Norwood, MA).
Serum and urine electrolytes (i.e., sodium and potassium)
were measured in duplicate with an electrolyte analyzer
(EasyLyte Plus; Medica Corporation, Bedford, MA). All sam-
ple analyses and assays were completed by a single trained
technician (T.B.B.), except for interleukin-17a, which was
completed by J.C.M. In all instances, sample dilutions
were customized for each subject and each assay kit to
ensure that all concentrations were within the accuracy
ranges of the assay Kkits. Serum creatinine [Creatinine
Serum Detection Kit; Eagle Bioscience, Inc., Nashua, NH;

intra-assay coefficient of variation (CV): 1.7 (2.6)%; interassay
CV: 3.1 (1.9)%] and urine creatinine [Creatinine Parameter
Assay Kit; R&D Systems Inc., Minneapolis, MN; intra-assay
CV: 1.0 (0.6)%; interassay CV: 0.6 (0.2)%] and serum uric acid
[Uric Acid Assay Kit; Eton Biosciences Inc., San Diego, CA;
intra-assay CV: 0.7 (0.6)%; interassay CV: 2.0 (0.3)%] and
urine uric acid [Uric Acid Assay Kit; Eton Biosciences Inc.,
San Diego, CA; intra-assay CV: 0.6 (0.4)%; interassay CV: 3.5
(0.7)%] were measured with standard colorimetric assays.

Neutrophil gelatinase-associated lipocalin (NGAL) was
measured in the urine with a commercially available human
NGAL ELISA kit [RayBiotech Life, Peachtree Corners, GA;
intra-assay CV: 3.2 (2.8)%; interassay CV: 9.4 (3.6)%)]. NGAL
was measured in the urine to allow for comparison of the
magnitude of general renal tubular injury across trials (6, 14,
24). Kidney injury molecule-1 (KIM-1) was measured in the
urine with human KIM-1 ELISA Kkits [RayBiotech Life,
Peachtree Corners, GA; intra-assay CV: 4.1 (6.7)%; interassay
CV: 4.7 (2.2)%]. KIM-1 is a transmembrane glycoprotein
that is upregulated in the proximal tubule cells during kid-
ney injury (6, 25, 26). Insulin-like growth factor-binding
protein 7 (IGFBP7) and tissue inhibitor metalloproteinase
2 (TIMP-2) were measured in the urine with separate com-
mercially available human IGFBP7 [RayBiotech Life,
Peachtree Corners, GA; intra-assay CV: 5.4 (4.0)%; interas-
say CV: 5.7 (1.5)%] and TIMP-2 [RayBiotech Life, Peachtree
Corners, GA; intra-assay CV: 0.8 (0.6)%; interassay CV: 2.1
(1.2)%] ELISA kits. IGFBP7 and TIMP-2 are proteins that
induce Gl1 cell cycle arrest in renal epithelial cells during
kidney injury (6, 14, 15). IGFBP7 is preferentially secreted
in the renal proximal tubules and TIMP-2 in the distal
tubules after damage to the glomeruli and/or renal tubules
(6, 27, 28). The product of urinary IGFBP7 and TIMP-2
(IGFBP7 - TIMP-2]) was the primary dependent variable.
[IGFBP7 - TIMP-2] has a US Food and Drug Administration-
approved indication for assessing kidney injury risk in clinical
practice (6, 15). Collectively, the employed kidney injury bio-
marker panel was selected on the basis of previous work from
our laboratory (6, 11, 12, 14), and its aggregate findings allow
for the examination of both general kidney injury risk (e.g.,
[IGFBP7 - TIMP-2]) and the potential anatomical location of
kidney injury (e.g., distal vs. proximal tubules) (6, 14).

To examine the potential etiology underlying kidney
injury risk (6), both inflammatory and oxidative stress
markers were measured from serum, plasma, and/or urine
samples. Interleukin-17 (IL-17a) was measured in the
plasma with a S-PLEX Human IL-17a Kit [K151C3S-Series;
Meso Scale Discovery, Rockville, MD; intra-assay CV: 8.8
(6.4)%]. Because of sample and resource limitations, IL-17a
was measured at preexposure and 8 h in plasma samples
from 10 subjects who were randomly selected. Plasma IL-
17a is a proinflammatory cytokine expressed after ische-
mic kidney injury in both rodent models and critically ill
patients diagnosed with acute kidney injury (29, 30),
which promotes tissue damage in part by neutrophil acti-
vation (31). Interleukin-18 (IL-18) was also measured in the
urine with human IL-18 Kkits [Abcam, Cambridge, MA;
intra-assay CV: 2.6 (2.9)%; interassay CV: 5.8 (1.7)%]. IL-18
is a proinflammatory cytokine that increases with ische-
mic or nephrotoxic kidney injury that occurs after tubu-
lar injury (32, 33). Liver-type fatty acid-binding protein
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(L-FABP) was measured in the urine with human L-FABP
ELISA kits [Abcam, Cambridge, MA; intra-assay CV: 0.9
(0.5)%; interassay CV: 1.9 (0.1)%]. L-FABP is prophylacti-
cally expressed in the proximal tubules to protect against
oxidative stress in the presence of hypoxia (34-37).
Thiobarbituric acid reactive substances (TBARS) was meas-
ured with human TBARS Assay Kits (Cayman Chemical, Ann
Arbor, MI) in the serum [intra-assay CV: 1.8 (2.9)%; interassay
CV: 16.2 (14.5)%] and urine [intra-assay CV: 4.2 (6.3)%; inter-
assay CV: 7.5 (3.5)%]. TBARS is a nonspecific marker of lipid
peroxidation following oxidation of polyunsaturated lipids
by free radicals, which can cause renal tissue damage (38).
Note that the number of subjects and samples for each trial
and time point for urinary TBARS differed from other uri-
nary markers because of inadequate remaining sample vol-
ume before commencing the assay (preexposure: 31°C n = 13,
34°C:n=14;4h:31°Cn =14, 34°C n = 14; and 8 h: 31°C n = 13,
34°C n = 12). Finally, thioredoxin-1 (TRX-1) was measured
with human TRX-1 Assay kits (ThermoFisher Scientific,
Waltham, MA) in the serum [intra-assay CV: 9.8 (11.4)%;
interassay CV: 11.9 (11.4)%] and urine [intra-assay CV: 8.1
(8.2)%; interassay CV: 5.5 (3.2)%]. Serum TRX-1 is an effective
marker for detecting conditions of excessive oxidative stress
(e.g., heart failure) (39), whereas urine TRX-1 is specifically
elevated in kidney injury mediated by oxidative stress and/
or hypoxia, primarily from proximal tubular epithelial cells,
and positively correlates with the severity of tubular injury
(40). Note that the n for each trial and time point for urinary
TRX-1 differed from other urinary markers because of inad-
equate remaining sample volume before commencing the
assay (preexposure: 31°C n =13, 34°C n =14; 4 h: 31°C n = 14,
34°Cn=14; and 8 h: 31°C n =13, 34°C n =12).

Data and Statistical Analysis

Percent changes in body mass were calculated as the dif-
ference between postexposure and preexposure nude body
mass divided by preexposure body mass multiplied by
100. Percent changes in plasma volume were estimated
with standard equations by Dill and Costill (41). Urine flow
rates were calculated over a 1-h period (i.e., preexposure
baseline urine flow rate described above) and over 4-h
periods from preexposure to hour 4 and 4 to 8 h during
each trial. The precisely timed urine flow rates allow for
the accurate calculation of substrate clearance, excretion,
and normalization of urinary kidney injury biomarkers.
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 plasma and urine and from the
change in serum and urine creatinine concentrations (6).
Osmolar clearance was calculated as the quotient of osmo-
lality of the urine and plasma multiplied by urine flow
rate. Free water clearance was calculated as the difference
between urine flow rate and osmolar clearance (42). All
urinary kidney injury makers (NGAL, IGFBP7, TIMP-2,
KIM-1, IL-18, L-FABP, TBARS, and TRX-1) were normalized
to urine flow rate as has been proposed previously (6).
Urinary kidney injury markers were also normalized to
urine concentration (i.e., osmolality and creatinine) (6, 11,

12, 14) and are presented in Supplemental Table S1 (avail-
able at https://doi.org/10.5281/zenodo.6456210), but the
conclusions drawn were not affected by normalization
method.

Unless otherwise stated, data are presented as individual
values, absolute mean (SD), and/or as a mean difference
between 31°C and 34°C * 95% confidence interval. Two-
tailed ¢ tests were used to analyze the differences in environ-
mental conditions (i.e., dry bulb temperature, relative hu-
midity, wet bulb temperature, and water vapor pressure)
between 31°C and 34°C. Thermoregulatory, hemodynamic,
hydration, kidney function, and kidney injury variables were
analyzed with a repeated-measures mixed-effects model
(trial x time). Notably, the mixed-effects model can accom-
modate any missing values. After visual inspection of pre-
dicted and actual residuals (i.e., QQ plots), it was identified
that the urinary kidney injury markers were not normally
distributed. Therefore, all statistical inference of urinary kid-
ney injury makers was done after log transformation before
statistical analyses, which normally distributed the data.
Urinary kidney injury markers are presented numerically
and graphically as raw values, but the statistical analyses
reflect the log transformed data. When applicable, the
Geisser-Greenhouse correction was applied if sphericity
could not be assumed. Pearson correlations were used to
examine relations between the change in [IGFBP7 - TIMP-2]
from preexposure to 8 h and changes in urinary and circulat-
ing markers of oxidative stress and inflammation over this
same time period in both trials. If a significant interaction or
main effect was found (43), post hoc analyses were com-
pleted with Sid4k’s multiple comparisons tests. All data were
analyzed with GraphPad Prism software (version 8; La Jolla,
CA). Statistical significance was set a priori at P < 0.05, and
actual P values are reported where possible.

RESULTS

Core temperature, mean skin temperature, heart rate, and
mean arterial pressure data are presented in Table 2. Briefly,
core temperature increased in both the 31°C and 34°C trials
(P < 0.0001) but to a greater extent in the 34°C trial at both
4 h [+1.1 (0.4)°C vs. +0.5 (0.3)°C; P < 0.0001] and 8 h
[+1.4 (0.4)°C vs. +0.6 (0.3)°C; P < 0.0001]. All hydration
data are presented in Table 3. Briefly, both trials elicited mod-
erate dehydration, which is reflected by body mass loss in
both trials (P < 0.001) but to a greater extent after 8 h in the
34°C trial compared with the 31°C trial [-1.9 (0.5)% vs. —1.4
(0.4)%; P = 0.002). All kidney function data are presented in
Fig. 1 and Fig. 2 (i.e., clearance and excretion, respectively).

Kidney injury marker data (i.e., [[GFBP7 - TIMP-2], IGFBP7,
TIMP-2, NGAL, and KIM-1) are presented in Fig. 3. Briefly,
there was an interaction effect (time x trial) for [IGFBP7 -
TIMP-2] (P = 0.0411). [IGFBP7 - TIMP-2] increased over time in
both the 34°C and 31°C trials (P < 0.0001). However, this
increase was markedly greater at 8 h in the 34°C [ +26.9 (27.1)
(ng/mL)*/1,000] compared with the 31°C [+ 6.2 (6.5) (ng/mL)*/
1,000] trial (P = 0.0024). Etiological mechanisms of kidney
injury are presented in Fig. 4 (i.e., oxidative stress markers
urine L-FABP, TBARS, TRX-1, and serum TBARS and TRX-1)
and Fig. 5 (i.e., inflammatory markers urine IL-18 and plasma
IL-17a).
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Table 2. Thermoregulation and hemodynamics

31°C 34°C Mixed-Effects Model
Pre 4h 8h Pre 4h 8h
Parameter n=15 n=15 n=15 n=15 n=15 n=15 Time Trial Time X trial
Core temperature, °C 36.9(0.3) 37.4(0.3)* 37.5(0.2)x 36.9(0.3) 38.0(0.3)*t 38.2(0.4)%tt <0.0001 0.0010 <0.0001
Mean skin temperature, °C 32.8(0.6) 34.9(0.4)* 34.6(0.7)* 32 6(0.6) 36.1(0.8)*t 35.7 (1.0)*t <0.0001 <0.0001 <0.0001
Mean arterial pressure, mmHg 92 (7) 88 (8)* 87 (7)* 9 (5) 85 (9)* 82 (9)*t 0.0023 0.0035 0.6351
Heart rate, beats/min 70 (7) 74 (1) 77 (9)* 68 (10) 97 (21)*t 11 (20)*tt  <0.0001 <0.0001 <0.0001

Values are presented as mean (SD). Thermoregulatory and hemodynamic data were measured every 60 min but are reported at preex-
posure (Pre) and 4 h and 8 h into each exposure. Data were analyzed with a repeated-measures linear mixed model (time x trial), and
exact P values are reported. If a significant interaction or main effect was found, post hoc analyses were completed with Siddk’s multiple
comparisons tests. *Different from Pre (P < 0.05); different from 4 h (P < 0.05); tdifferent from 31°C (P < 0.05).

Finally, absolute and normalized (i.e., to osmolality and Risk of Kidney Injury

creatinine) values of all kidney injury markers are presented
in Supplemental Table S1.

DISCUSSION

In support of our hypothesis, we observed an increase in
kidney injury risk (i.e., [[GFBP7 - TIMP-2]) after 8 h of expo-
sure in both the 31°C and 34°C trials (Fig. 3). Furthermore,
the risk of kidney injury was exacerbated at 8 h in the 34°C
compared with the 31°C trial. Core temperature and body
mass loss were greater after 4 h in the 34°C trial (Tables 2
and 3, respectively), which likely mediated the greater risk
of kidney injury observed in the 34°C trial. The increased
kidney injury risk was observed to be anatomically located
in both the proximal and distal tubules, as evidenced by
independent increases in urinary IGFBP7 (Fig. 3B) and
TIMP-2 (Fig. 3C). Moreover, the etiology of this kidney
injury risk is likely primarily caused by the development
of oxidative stress localized to the kidneys, as demon-
strated by increases in urinary L-FABP, TBARS, and TRX-1
in the absence of differential changes in serum TBARS and
TRX-1 (Fig. 4).

Table 3. Hydration markers

The primary findings from the present study corroborate
our previous work examining the risk of kidney injury fol-
lowing physical work in the heat (12). We previously demon-
strated that the highest risk of kidney injury is observed with
a combination of hyperthermia and dehydration following
2 h of physical work in the heat (12). Interestingly, we report
similar findings between the two studies despite markedly
different experimental protocols (i.e., duration, Tye, and
exercise vs. rest) but similar magnitudes of hyperthermia
(i.e., ~2°C increase in core temperature) and dehydration
(i.e., ~2% body mass loss) (12). This supports that this risk of
kidney injury during heat stress is a function of both the
magnitude of hyperthermia and dehydration and likely the
duration of exposure. To this latter point, the magnitude of
the increase in [IGFBP7 - TIMP-2] in the present study [aver-
age peak increase: ~27 (ng/mL)?/1,000] was higher than that
of our previous work [average peak increase: ~10 (ng/mL)?/
1,000] (12). Moreover, this difference in the overall risk of
kidney injury was mediated by an elevation of both IGFBP7
and TIMP-2 in the present study, whereas TIMP-2 was not
elevated in our previous study despite increases in IGFBP7
(12). To our knowledge, this is the first laboratory-controlled

31°C 34°C Mixed-Effects Model
Time Condition
Parameter Pre 4h 8h Pre 4h 8h effect effect Interaction
ABody mass, % 0.0 (0.0) —-0.6(0.3)* —14(0.4)*t 0.0 (0.0) —0.8(0.6)* —1.9 (0.5)*tt <0.001 0.02 0.008
Blood samples
Subjects, n 15 15 15 15 15 1
APlasma volume, % 0.0 (0.0) —-3(7) —4(6) 0.0 (0.0) -9 (8)* -9 (5) <0.001 0.01 0.02
Plasma osmolality, mosmol/ 285 (4) 283 (2) 284 (2) 284 (4) 284 (3) 285 (3) 0.28 0.95 0.23
kgH,O
Serum sodium, mmol/L 142 (3) 143 (2)* 145 (2)* 143 (2) 144 (3) 145 (2)*t <0.001 0.32 0.49
Serum potassium, mmol/L 41(0.3) 4.2 (0.3) 4.2 (0.3) 41(0.2) 4.2(0.2) 4.2 (0.3) 0.21 0.77 0.91
Serum uric acid, mg/dL 5.6(2.2) 5.1(1.1) 4.9(0.7) 4.8 (0.9) 5.0 (0.9) 4.8(0.8) 0.27 0.20 0.21
Urine samples
Subjects, n 15 15 14 15 14 13
Urine specific gravity 1.010 (0.007) 1.016 (0.006) 1.023 (0.004)*f 1.009 (0.006) 1.016 (0.007)* 1.032 (0.018)*t <0.001 0.1 0.10
Urine osmolality, mosmol/kgH,O 450 (312) 666 (207)* 929 (121)*t 366 (315) 666 (242)* 959 (129t <0.001 0.55 0N
Urine sodium, mmol/L 51(49) 6 (50) 108 (60)*t 39 (48) 62 (37) 9 (36)t 0.02 0.02 0.005
Urine potassium, mmol/L 30.9 (20.9) 57 4 (251  98.3 (32.1)*t 21.9(20.5) 57.8(30.2)* 120 1(39.5* <0.001 0.46 0.01
Urine uric acid, mg/dL 3.8(3.3) 1(0.4)* 0.6 (0.3)* 3.7 (3.5) 0.8 (0.5)* 0.3(0.2)*t <0.001 0.96 0.28

Values are presented as mean (SD). Hydration markers were measured from blood and urine samples collected at preexposure (Pre)
and 4 h and 8 h into each exposure. Data were analyzed with a repeated-measures linear mixed model (time x trial), and exact P values
are reported. If a significant interaction or main effect was found, post hoc analyses were completed with Siddk’s multiple comparisons
tests. *Different from Pre (P < 0.05); #different from 4 h (P < 0.05); tdifferent from 31°C (P < 0.05).
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Figure. 1. Markers of kidney function: urine flow rate (4), serum (B) and urine (C) creatinine, and creatinine (D), uric acid (E), osmolar (F), and free water (G)
clearance. Left: variables are presented as individual values for the 34°C trial (blue lines) and the 31°C trial (red lines). Values are presented at preexpo-
sure (Pre; 31°C: n=15,34°C: n=15),4 h (31°C: n =15, 34°C: n =14), and 8 h (31°C: n =14, 34°C: n =13). y-Axes for each trial are different to enhance clarity.
All statistical analyses were completed with a repeated-measures linear mixed model (time x trial). The linear mixed model table is shown. If a significant
interaction or main effect was found, post hoc multiple comparisons were completed with $idék’s tests. Right: the mean difference between 31°C and
34°C + 95% confidence interval (Cl). *Different from Pre (P < 0.05); tdifferent from 4 h (P < 0.05); tdifferent from 31°C (P < 0.05).
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Figure. 2. Markers of kidney function: fractional excretion of sodium (4), potassium (B), and uric acid (C). Left: variables are presented as individual values
for the 34°C trial (blue lines) and the 31°C trial (red lines). Values are presented at preexposure (Pre; 31°C: n =15,34°C: n=15),4 h (31°C: n=15,34°C: n =
14), and 8 h (31°C: n =14, 34°C: n = 13). y-Axes for each trial are different to enhance clarity. All statistical analyses were completed with a repeated-meas-
ures linear mixed model (time x trial). The linear mixed model table is shown. If a significant interaction or main effect was found, post hoc multiple com-
parisons were completed with Sidak’s tests. Right: the mean difference between 31°C and 34°C + 95% confidence interval (Cl). *Different from Pre (P <

0.05); tdifferent from 4 h (P < 0.05).

observation in humans that heat stress exposure can
increase kidney injury risk in both the proximal and distal
tubules (28). Notably, the lower magnitude of hyperthermia
and dehydration in the 31°C trial did not completely amelio-
rate the risk of kidney injury. Rather, we still observed in a
rise in [IGFBP7 - TIMP-2] over the 8-h exposure. These find-
ings corroborate epidemiological data indicating that the
risk of kidney injury is elevated during extreme heat events
(1, 44) and indicate that the heat stress does not need to be
uncompensable to increase the risk of kidney injury during
an extreme heat event.

The increased risk of kidney injury during heat exposure
has been speculated to be caused by a reduction in kidney
blood flow (45-47). During passive heat stress, there is a
redistribution of blood flow away from the kidneys to
maintain blood pressure under conditions where skin
blood flow is markedly increased (6), which is primarily
mediated by increases in sympathetic nervous system acti-
vation. Furthermore, evidence from animal models indi-
cates that reductions in renal blood flow during heat stress
are predominantly occurring in cortical regions, causing
localized ischemia (48, 49). The reduced oxygen delivery is
exacerbated by efforts to promote fluid conservation during
hyperthermia and dehydration, as sodium reabsorption is an
ATP-dependent process, resulting in the depletion of ATP in
the renal cortex (18, 50-52). This low-ATP environment is
believed to increase the susceptibility of the renal tubules to

injury, which likely occurs after increased oxidative stress
and inflammation (16, 17). Under such conditions, L-FABP is
prophylactically expressed in the tubules to protect against
oxidative stress occurring subsequent to hypoxemia (6, 14).
Therefore, we interpret that the rise in L-FABP observed dur-
ing prolonged heat stress, which is strongly correlated with
the rise in [IGFBP7 - TIMP-2] (Fig. 4A), indicates that the
observed kidney injury is mediated by the development of
oxidative stress in the renal tubules. This is further sup-
ported by our observations that urinary TBARS, a nonspe-
cific marker of lipid peroxidation following oxidation of
polyunsaturated lipids by free radicals (38), and urinary
TRX-1, a redox-regulating protein that is secreted to the
extracellular space in response to oxidative stress (39, 40),
were elevated in both trials but to a greater extent in the
34°C trial at 8 h (Fig. 4, C and E). Notably, increases in both
urinary TBARS and urinary TRX-1 were strongly correlated
with increases in [IGFBP7 - TIMP-2] (Fig. 4, C and E).
Moreover, serum TBARS and serum TRX-1 did not change
over time in either trial or differ between trials (Fig. 4, B and
D), and there were no relations between the increase in
[IGFBP7 - TIMP-2] and increases in the circulating oxidative
stress markers (Fig. 4, B and D), suggesting that the
increased oxidative stress was localized to the kidneys.
Together, these findings support that kidney injury risk in
the context of extreme prolonged heat stress is contributed
to by oxidative stress.
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Figure. 3. Kidney injury biomarker panel: [insulin-like growth factor-binding protein 7 (IGFBP7) - tissue inhibitor metalloproteinase 2 (TIMP-2)] (A) and
urine IGFBP7 (B), TIMP-2 (C), neutrophil gelatinase-associated lipocalin (NGAL, D), and kidney injury molecule 1 (KIM-1, E). Left: urinary biomarkers normal-
ized to urine flow rate presented as individual values for the 34°C trial (blue lines) and the 31°C trial (red lines). Values are presented at preexposure
(Pre; 31°C: n=15,34°C: n=15),4 h (31°C: n =15, 34°C: n = 14), and 8 h (31°C: n =14, 34°C: n = 13). y-Axes for each trial are different to enhance clarity. All
statistical inference was completed after data were log transformed and analyzed with a repeated-measures linear mixed model (time x trial). The linear
mixed model table is shown. If a significant interaction or main effect was found, post hoc multiple comparisons were completed with Sidak’s tests.
Right: the mean difference between 31°C and 34°C + 95% confidence interval (Cl). *Different from Pre (P < 0.05); tdifferent from 4 h (P < 0.05); tdifferent

from 31°C (P < 0.05).

It is particularly interesting that we did not observe paral-
lel rises in urinary IL-18 that would support a role of activa-
tion of inflammatory pathways (6, 14). That said, clinical
data indicate that urinary IL-18 does not increase after ische-
mic or nephrotoxic kidney injury until ~6 h after tubular
injury (32, 33). Thus, it may be that we did not observe a rise
in urinary IL-18 during the 8-h heat exposure because of the
timing of urine sample collection (see Considerations). This
speculation is supported by our observation of elevations in
plasma IL-17a, which was elevated at 8 h in the 34°C trial but
not in the 31°C trial (Fig. 5B). Plasma IL-17a is a proinflamma-
tory cytokine expressed after ischemic kidney injury (29, 30),
which promotes tissue damage in part by neutrophil activa-
tion (31). More importantly, expression of plasma IL-17a is

elevated in patients with acute kidney injury and potentially
modulates the progression from acute kidney injury to
chronic kidney disease (30). It is important to note that we
did not observe differential plasma IL-17a values between tri-
als. However, it is possible that we may have been under-
powered to observe this pairwise difference because of the
comparatively low number of subjects for this analysis (n =
10). This possibility is highlighted by post hoc analyses dem-
onstrating a greater rise in plasma IL-17a in the 34°C trial
[+199 (90) fg/dL] versus the 31°C trial [+ 9 (96) fg/dL; P =
0.0002] when the data obtained at 8 h are presented as a
change from preexposure. Moreover, we also observed a
modest correlation between the increase in plasma IL-17a
and the change in [IGFBP7 - TIMP-2] (Fig. 5B). Therefore, it is
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likely that inflammatory pathway activation contributes to
the increased kidney injury caused by prolonged extreme
heat exposure. However, more robust evidence is required.
Uric acid has been identified as a potential modulator of
kidney injury risk during heat stress (6). That is, elevations

A Urine TRX-1
(ng/min)

Figure. 4. Etiological mechanisms of kidney injury: bio-
markers of oxidative stress. Left: absolute serum and uri-
nary biomarkers normalized to urine flow rate presented
as individual values for the 34°C trial (blue lines) and the
31°C trial (red lines). Values are presented at preexpo-
sure (Pre), 4 h, and 8 h. n for each variable and time point
is reported within the text. y-Axes for each trial are differ-
ent to enhance clarity. All statistical inference was com-
pleted after data were log transformed and analyzed
with a repeated-measures linear mixed model (time x
trial). The linear mixed model table is shown. If a signifi-
cant interaction or main effect was found, post hoc multi-
ple comparisons were completed with Siddk’s tests.
Center. the mean difference between 31°C and 34°C +
95% confidence interval (Cl). Right. correlation between
the change in biomarkers of oxidative stress and change
in kidney injury risk (i.e., [insulin-like growth factor-bind-
ing protein 7 (IGFBP7) - tissue inhibitor metalloproteinase
2 (TIMP-2)]). Data were analyzed (Pearson r) with both
34°C (blue circles) and 31°C (red triangles) combined,
and exact P value and r value are shown. L-FABP, liver-
type fatty acid binding protein; TBARS, thiobarbituric
acid reactive substances; TRX-1, thioredoxin-1. *Different
from Pre (P < 0.05); tdifferent from 4 h (P < 0.05); tdiffer-
ent from 31°C (P < 0.05).

in uric acid (i.e., hyperuricemia), a prooxidant, increase kid-
ney injury risk. Notably, hyperuricemia has been shown to
occur during exercise heat stress in laboratory studies (11, 12)
and in outdoor laborers (53), both situations that elevate
the risk of kidney injury. In the Kidneys, elevations in
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Figure. 5. Etiological mechanisms of kidney injury: inflammatory markers. Left: absolute plasma and urinary biomarkers normalized to urine flow rate pre-
sented as individual values for the 34°C trial (blue lines) and the 31°C trial (red lines). Values are presented at preexposure (Pre), 4 h, and 8 h for urine
interleukin 18 (IL-18) and at Pre and 8 h for plasma interleukin 17a (IL-17a). n for each variable and time point is reported within the text. y-Axes for each
trial are different to enhance clarity. All statistical inference was completed after data were log transformed and analyzed with a repeated-measures lin-
ear mixed model (time x trial). The linear mixed model table is shown. If a significant interaction or main effect was found, post hoc multiple comparisons
were completed with Sidak’s tests. Center: the mean difference between 31°C and 34°C + 95% confidence interval (Cl). Right: correlation between the
change in biomarkers of inflammation and change kidney injury risk (i.e., [insulin-like growth factor-binding protein 7 (IGFBP7) - tissue inhibitor metallo-
proteinase 2 (TIMP-2)]). Data were analyzed (Pearson r) with both 34°C (blue circles) and 31°C (red triangles) combined, and exact P value and r value

are shown. *Different from Pre (P < 0.05); tdifferent from 4 h (P < 0.05).

endogenous uric acid production increase the demand for in-
tracellular ATP in the renal proximal tubules (54) and can inde-
pendently decrease kidney blood flow (55) and have been
suggested to augment the pathophysiological processes
described above (6, 14). Serum uric acid (Table 3) did not
change in the present study, which is contrary to our previous
work (12). However, urine uric acid, excretion, and clearance
were not measured in our previous work, so we could not previ-
ously make any inference about renal handling of uric acid.
Thus, the present study uniquely demonstrates that uric acid
clearance and the fractional excretion of uric acid (Fig. 2C)
declined during each trial. Such observations indicate that
there was likely not endogenous production of uric acid in the
kidneys, which could occur as the result of fructokinase activ-
ity secondary to endogenous production of fructose (via the
polyol-fructokinase pathway) (50) or through consumption of
fructose-sweetened beverages (6, 11, 14, 56). Indeed, a role for
the polyol-fructokinase pathway in the elevation in kidney

injury risk in the present study is unlikely because this path-
way is activated by plasma hyperosmolality but no changes in
plasma osmolality were observed here.

Kidney Function

The present study did not likely elicit kidney injury per se.
Rather, the observed increases in urinary biomarkers are
interpreted to examine the risk of kidney injury, which have
no clinical threshold for diagnosing injury in the context of
our study (57). According to the Kidney Disease Improving
Global Guidelines (KDIGO) (58), acute kidney injury is clini-
cally diagnosed when serum creatinine increases by >0.3
mg/dL within 48 h and/or urine flow rate is reduced to <0.5
mL-min~"! for 6 or more hours. In the present study, there
was no change over time in serum creatinine in either trial,
although serum creatinine was greater in the 34°C trial com-
pared with the 31°C trial at 8 h (Fig. 1B). That stated, one sub-
ject during the 34°C trial had a 0.3 mg/dL increase in serum
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creatinine meeting the KDIGO criteria. Urine flow rate
declined throughout each trial but was not different between
trials. Moreover, average urine flow rate did not decline
under 0.5 mL-min ' until 8 h in the 34°C trial, but is it
unknown whether this reduction was sustained for 6 or
more hours. Collectively, therefore, there was little evidence
to support a potential clinical diagnosis of kidney injury
based on changes in kidney function, even despite profound
increases in urinary [IGFBP7 - TIMP-2].

Interestingly, creatinine clearance did not change through-
out each trial. A recent review found that the impact of passive
heat stress on glomerular filtration rate is inconsistent in the
literature, with some studies showing reductions and others a
maintenance (6). The maintenance of creatinine clearance in
the present study may highlight the role of the glomerular fil-
tration rate reserve, which describes the ability of the kidneys
to recruit additional nephrons to increase the filtration
capacity, because not all nephrons are active when the kidneys
are unstressed (59). Thus, if glomerular filtration rate were to
be challenged during a stressor, such as the prolonged heat ex-
posure, the glomerular filtration rate reserve would provide a
mechanism by which the kidneys are able to maintain filtra-
tion capacity (6). However, this remains speculative, as the
impact of heat stress and/or dehydration on glomerular filtra-
tion rate reserve has never been explored. Nevertheless, this is
the first study to document an increased risk of kidney injury
in the absence of consistent reductions in kidney function
(i.e., reductions in glomerular filtration rate and/or elevations
in serum creatinine). This is important because it provides evi-
dence that the stability of kidney function should not always
be interpreted as benign during heat stress and likely casts
doubt on the validity of conclusions drawn from studies that
have interpreted reductions in kidney function during and af-
ter heat stress as a marker of kidney injury.

Considerations

There are a number of experimental considerations that
warrant mentioning. The experimental considerations mostly
stem from the fact that this experiment was not designed a
priori to assess kidney injury risk. Rather, the study was pri-
marily designed to assess the thermoregulatory and hydration
responses to prolonged exposure to warm and very humid
environments in healthy young men (10). First, we do not
have a time control trial (e.g., 8 h resting in a temperate envi-
ronment) that would permit examination of the role of fluid
restriction in the absence of heat stress. Second, in contrast to
previous work from our laboratory (12), we did not collect
blood and urine samples after a recovery period after subjects
had been removed from heat stress. This is worth highlighting
because Chapman et al. (12) observed peak urinary kidney
injury biomarker responses (e.g., NGAL, IGFBP7) ~90 min af-
ter exercise heat stress. Therefore, it is possible that peak
increases in urinary biomarkers were missed in the present
study (11-13). Moreover, the timing of sample collection to
elucidate the relative risk of kidney injury is likely important
particularly in occupational and clinical settings (6, 14, 60).
We also did not collect blood and urine samples before 4 h of
exposure, so we are unable to elucidate the onset or required
duration of exposure to elicit kidney injury risk for exposures
under 4 h. Third, despite high external validity regarding the

Twer conditions, drinking and cool-seeking behavior were not
permitted. Thus, the present study does not represent an
entirely realistic situation during an extreme heat event
unless there was a collapse in infrastructure (i.e., power out-
ages, inaccessible potable water). Therefore, our primary find-
ings represent a worst-case scenario by which to inform
public health recommendations during extreme heat events.
Finally, because of the nature of the original investigation
(i.e., with specificity to the US Navy), our findings are limited
to young, healthy men. Therefore, it remains to be deter-
mined whether this increased risk of kidney injury is modified
or exacerbated by sex, age, and/or chronic disease (e.g., obe-
sity, hypertension, diabetes, etc.).

Perspectives

To our knowledge, we are the first to experimentally
examine the risk of kidney injury during an extreme heat
event scenario that parallels the Ty €Xperienced during cur-
rent and projected extreme heat events. There is urgency
and importance in our findings because kidney injury is a
leading cause of excess hospital admissions during extreme
heat events (1, 44, 61), especially in vulnerable populations
(e.g., older adults) (5, 62). Current public health recommen-
dations encourage at-risk populations to seek cooling and
drink cool water to reduce the likelihood of hyperthermia
and dehydration. Indeed, mitigating hyperthermia and
dehydration likely reduces the risk of kidney injury, as high-
lighted in our 31°C trial. However, a rise in the overall kidney
injury risk (i.e., [IGFBP7 - TIMP-2]) persisted in the 31°C trial.
This potentially highlights the role of exposure duration in
kidney injury risk, which is an important consideration dur-
ing heat waves [i.e., periods of unusually hot weather lasting
2 or more days (63)], and may help inform countermeasures
to minimize exposure duration (e.g., cooling centers). In this
regard, it must be noted that although the conditions utilized
here were extreme, there are many populations throughout
the globe, including the United States, that have limited
resources or opportunities to seek cooling and/or access to
potable water during extreme heat events (e.g., low socioeco-
nomic status, certain rural or dense urban settings, etc.) (64).
Thus, these worst-case scenario data may truly reflect real-
world challenges to many of the most vulnerable popula-
tions (65-67). Finally, in relation to the present study (i.e.,
single heat stress exposure), it was recently reported that a
single heat injury (i.e., heat stroke) can result in acute kidney
injury and subsequently elevates the risk for the develop-
ment of chronic kidney disease (~4-fold) and the risk of end-
stage renal disease (~9-fold) (68). Ultimately, safeguarding
at-risk populations against hyperthermia and dehydration
during extreme heat events is of upmost importance in
reducing the risk of kidney injury and potentially the devel-
opment of chronic kidney disease.

In addition to extreme heat events, individuals who are
regularly exposed to heat stress (e.g., outdoor laborers) are
also at risk of kidney injury. This risk was first identified
in global hot spots (e.g., agricultural workers in Central
America) (69, 70) after the observed rise in chronic kidney
disease of nontraditional origin (CKDnt) (i.e., in the absence
of traditional risk factors such as hypertension, diabetes, and
obesity), which is a growing concern in the United States
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(71-73). The findings from the present study likely inform
the etiology of kidney injury risk in occupational heat stress
settings and provide information that can be used for the
assessment of kidney injury risk and development of coun-
termeasures to mitigate the rise in core temperature (e.g.,
environmental exposure limits, work-to-rest ratios), stave off
dehydration (e.g., rehydration schedule, fluid beverage
type), or alleviate oxidative stress and/or inflammation (e.g.,
nutra- or pharmaceutical interventions). It is important to
note, however, that caution should be made when generaliz-
ing between exercise and passive heat stress scenarios.
Although there is no difference in the primary etiological hy-
pothesis (i.e., heat stress mediated), there has been no direct
comparison between passive and exercise heat stress that
elicits similar magnitudes of hyperthermia and/or dehydra-
tion. There are many factors that could exacerbate kidney
injury risk during exercise heat stress (i.e., muscle damage,
metabolic heat production), although recent evidence has
shown that only exercise in the heat increases the risk of kid-
ney injury compared with exercise in temperate conditions
(74). However, it remains unknown whether the impact of
the combination of exercise and heat stress is additive or
synergistic as it relates to mediating kidney injury risk.

Conclusions

The present study provides evidence that 8 h of exposure
to Twer €xperienced during current extreme heat events
(31°C) under resting conditions increases the risk of kidney
injury and that the risk of kidney injury is worsened by Tyt
exposures expected during future extreme heat events
(34°C). These data also reveal that the increased risk of kid-
ney injury is likely of both renal proximal and distal tubule
origins and is at least partially due to the development of oxi-
dative stress and likely inflammatory activation.

SUPPLEMENTAL DATA
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