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Abstract

Renal ischemia-reperfusion (I/R) injury results in damage to the renal tubules and causes impairments in sodium [Naþ ] reabsorp-
tion. Given the inability to conduct mechanistic renal I/R injury studies in vivo in humans, eccrine sweat glands have been pro-
posed as a surrogate model given the anatomical and physiological similarities. We tested the hypothesis that sweat Naþ

concentration is elevated following I/R injury during passive heat stress. We also tested the hypothesis that I/R injury during heat
stress will impair cutaneous microvascular function. Fifteen young healthy adults completed �160 min of passive heat stress
using a water-perfused suit (50�C). At 60 min of whole body heating, one upper arm was occluded for 20 min followed by a 20-
min reperfusion. Sweat was collected from each forearm via an absorbent patch pre- and post-I/R. Following the 20-min reperfu-
sion, cutaneous microvascular function was measured via local heating protocol. Cutaneous vascular conductance (CVC) was
calculated as red blood cell flux/mean arterial pressure and normalized to CVC during local heating to 44�C. Naþ concentration
was log-transformed and data were reported as a mean change from pre-I/R (95% confidence interval). Changes in sweat so-
dium concentration from pre-I/R differed between arms post-I/R (experimental arm: þ0.97 [þ0.67 – 1.27] [LOG] Naþ ; control
arm: þ0.68 [þ0.38 – 0.99] [LOG] Naþ ; P < 0.01). However, CVC during the local heating was not different between the experi-
mental (80 ± 10%max) and control arms (78 ± 10%max; P = 0.59). In support of our hypothesis, Naþ concentration was elevated fol-
lowing I/R injury, but likely not accompanied by alterations in cutaneous microvascular function.

NEW & NOTEWORTHY In the present study, we have demonstrated that sweat sodium concentration is elevated following is-
chemia-reperfusion injury during passive heat stress. This does not appear to be mediated by reductions in cutaneous microvas-
cular function or active sweat glands, but may be related to alterations in local sweating responses during heat stress. This
study demonstrates a potential use of eccrine sweat glands to understand sodium handling following ischemia-reperfusion injury,
particularly given the challenges of in vivo studies of renal ischemia-reperfusion injury in humans.

ischemia-reperfusion injury; microvascular function; sweat gland; sweat electrolytes; sweat

INTRODUCTION

Kidney injury is amajor cause of hospitalization during heat
waves (1). This injury is hypothesized to be mediated by heat
stress (coinciding with dehydration) that results in localized is-
chemia-reperfusion (I/R) injury (2). Localized ischemia is likely
caused by reductions in kidney blood flow, particularly in the
renal cortex (3), that occurs concomitantly with an increased
energetic demand to increase sodium reabsorption in the renal
tubules (4). This results in a low ATP environment that can
induce oxidative stress and inflammation, giving rise to an
increase in the risk of kidney injury (5), particularly when per-
fusion is reestablished (2). The clinical criteria defining kidney

injury is a reduction in glomerular filtration rate and urine out-
put (6). However, these are hallmark responses of the effect
of heat stress on the kidneys in the absence of injury (2).
Nevertheless, the proposed kidney pathophysiology during
heat stress is relatively similar to renal I/R injury in the absence
of heat stress (7, 8). A regular observation in the context of nor-
mothermic renal I/R injury in clinical settings is an increase in
the fractional excretion of sodium, which is interpreted as
reductions in tubular sodium reabsorption (9, 10). These obser-
vations are mechanistically supported by data obtained from
rodent models that demonstrate that impaired tubular sodium
reabsorption post-I/R injury is due to a reduction in the active
transport of sodium (i.e., Naþ -Kþ -ATPase availability) (11–13).
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It remains unknown if heat stress-mediated renal I/R injury
causes impairments in sodium reabsorption. Filling this
knowledge gap is important because: 1) such understanding
could help differentiate kidney pathophysiology from normal
physiological responses to heat stress and 2) impaired sodium
reabsorption has potential ramifications on the ability of the
kidneys to promote fluid conservation during heat exposure
where bodywater loss would be expected due to sweating (2).

Given the anatomical and practical challenges of studying
the kidneys in vivo in humans, human skin has been pro-
posed as a model for understanding kidney function in
response to heat stress (14). Specifically, it has been proposed
that the eccrine sweat glands may be an experimental model
for nephrons given the anatomical and functional similar-
ities (15, 16). For example, sweat glands have been observed
to excrete metabolites (e.g., urea) in end-stage renal disease,
seemingly in compensation for compromised kidney func-
tion (16). Moreover, the eccrine sweat glands contain sodium
[Naþ ]/potassium [Kþ ] pumps that actively reabsorb sodium
in the proximal segment of the eccrine duct (15, 16). With
this background, the primary aim of the present study was to
use eccrine sweat glands as a model to understand the
impact of I/R injury on sodium reabsorption in humans. To
this end, we tested the hypothesis that sweat sodium con-
centration would be elevated following I/R injury during
whole body passive heat stress. The testing of this hypothesis
would serve to establish a model that future studies could le-
verage to understand the mechanisms of impaired tubular
reabsorption of sodium in humans.

I/R injury blunts the cutaneous vasodilatory response to
local heating in healthy humans likely due to impairments
in endothelial function secondary to oxidative stress (17).
However, no study has examined the cutaneous vascular
responses following I/R injury during passive heat stress.
Such information may provide mechanistic insights under-
lying potential differences in sweat sodium concentrations
following I/R injury. Therefore, the secondary purpose of the
present study was to assess the impact of I/R injury on cuta-
neous microvascular responses during passive heat stress.
We tested the hypothesis that the cutaneous vasodilatory
response to local heating during passive heat stress would be
impaired following I/R injury.

METHODS

The study was approved by the Institutional Review Board
at Indiana University (IRB# 2010183521). The study con-
formed to the Declaration of Helsinki, except for registration
in a database. Before participating in any study-related activ-
ities, each subject was fully informed of the experimental
procedures and possible risks before providing informed
written consent.

Subjects

To our knowledge, there are no direct data to inform dif-
ferences in sweat electrolytes following an I/R injury to
determine the sample size required for adequate statistical
power a priori. That said, previous work has identified that
the cutaneous microvascular responses to local skin heating
are reduced following an experimental I/R injury (17), which

is a secondary purpose of the present study. Therefore,
the effect size was calculated based on data demonstrating
that maximum cutaneous vascular conductance (CVC) is
decreased following I/R injury by 0.55±0.53 perfusion units-
�mmHg (17) (dz = 1.04). Ten subjects were required to
achieve power = 0.80 with a = 0.05 (G-Power v. 3.1.9.4).
However, following the completion of 10 subjects, we were
underpowered to identify changes in sweat sodium concen-
tration and or differences between the control and experi-
mental (i.e., I/R) arms due to inadequate sweat volume
collected necessary for sweat electrolyte analyses (i.e., three
out of 10 subjects had inadequate sweat volume collected).
Therefore, we collected data in an additional five subjects to
ensure that we would have 10 complete data sets for sweat
electrolyte analyses.

Fifteen healthy subjects completed the study and sub-
ject characteristics are presented in Table 1. All subjects
self-reported to be nonsmokers, not taking medications,
and free of any known cardiovascular, metabolic, neuro-
logical, or renal diseases. In addition, subjects were not
heat acclimated and self-reported to regularly engage in
physical activity. Female subjects were not pregnant as
confirmed through a urine pregnancy test before each
visit, self-reported to be normally menstruating, and had
no diagnosis of a menstrual cycle-specific disorder. Due to
the cross-body experimental design, women were tested at
any point during their menstrual cycle. Similarly, diet
and/or sodium intake was not controlled in the present
study, except subjects were instructed to avoid 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.

Experimental Protocol

Subjects visited the laboratory on two occasions separated
by at least 24 h. The first visit involved screening and the sec-
ond was the experimental trial. Subjects completed the sin-
gle experimental trial using a cross-body design (i.e., a
control and experimental arm assigned via block randomiza-
tion; Fig. 1). All experimental trials were completed through-
out the calendar year (2020–2021) in Bloomington, IN—a
climate that has been shown to induce minimal heat accli-
matization (18). The timeline of the experimental protocol is
presented in Fig. 2.

Upon arrival, subjects provided a urine sample by com-
pletely voiding their bladder in a collection urinal. Subjects
were confirmed to be euhydrated defined as a urine-specific
gravity� 1.020 (1.010±0.006) (19). Following urine collection,

Table 1. Subject characteristics measured during Visit 1
(screening)

Subject Characteristics

Men n = 5
Women n = 10
Age, yr 25 [20, 32]
Height, cm 171 [156, 191]
Body mass, kg 70 [52, 93]
Body mass index, kg/m2 24 [19, 32]
Body surface area, m2 1.8 [1.5, 2.2]

Data are presented as mean [min, max].
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subjects were weighed nude, instrumented, and then donned
the water-perfused suit.

Subjects were positioned supine on a comfortable patient
table with their arms flat on the table positioned at �45� lat-
erally from their torso and forearms dorsal side up in a tem-
perate thermal environment (�22�C, 55% relative humidity).
A 30-min thermoneutral baseline was completed by perfus-
ing 34�C water through the water-perfused suit. Following
this baseline period, the water temperature was rapidly
switched to 50�C, which commenced the �160 min passive
heating protocol. After the onset of sweating and �30 min
into passive heating, an absorbent patch was applied (as

indicated below) to the ventral aspect of each forearm for
sweat collection.

On the experimental arm, following sweat collection and
�60 min of passive heating (core temperature: 37.8±0.3�C),
subjects underwent 20 min of experimental ischemia, admin-
istered by a cuff wrapped around the upper arm and held con-
stant at a pressure of 220 mmHg (E20 Rapid Cuff Inflator,
Hokanson Inc., Bellevue, WA). After 20 min of occlusion, the
cuff was released and subjects rested during a 20-min reperfu-
sion period. This I/R protocol has been previously used in our
laboratory (20) and others (17). Following the reperfusion pe-
riod, a second absorbent patch was applied to each forearm
for sweat collection. Simultaneously, the skin on both the con-
trol and experimental armwas heated locally to a temperature
of 39�C (distal local heaters) for 40min and then both the dis-
tal and proximal local heaters on each arm were increased to
44�C for 20min. Importantly, while sweat collection occurred
without local heating before the I/R protocol, we had no evi-
dence that local heating a small area of skin on the dorsal side
of the forearm influences sweating on the ventral side of the
forearm.

Active sweat gland measurements (via modified iodine
technique, see Instrumentation and Measurements) were
taken at the end of the initial 60-min passive heating period
(i.e., before the I/R protocol), immediately following the I/R
protocol, and every 20min during the local heating protocol.

Instrumentation and Measurements

Height was measured with a custom stadiometer and
body mass was measured with a calibrated scale (Scale-
Tronics 5201, Welch-Allyn, Chicago, IL). Brachial blood pres-
sure was measured on the control arm via electrosphygmo-
manometry (Tango M2; SunTech, Raleigh, NC) and mean
arterial pressure (MAP, mmHg) was calculated as diastolic
pressure plus one-third pulse pressure and reported every 20
min. Heart rate (beats/min) was continually measured via a
3-lead ECG (Datex-Ohmeda, Helsinki, Finland) and reported
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Figure 1. Schematic of the experimental set-up. The cross-body experi-
mental design was carried out by randomly assigning an experimental
arm (right arm above) and control arm. On the experimental arm, an occlu-
sion cuff was placed around the upper arm and on the control arm, a
blood pressure cuff was placed around the upper arm. On dorsal aspect
of each forearm, local sweat capsules were secured at the most distal
point just proximal to the wrist. Similarly, on the dorsal aspect of each fore-
arm, two local heating units and laser Doppler flowmetry probes were
secured each [distal for local heating to 39�C (40 min) and 44�C (20 min);
proximal for control site and local heating to 44�C (20 min)]. Sweat was
collected via absorbent patches placed on the ventral aspect of each fore-
arm. Image created with BioRender and published with permission.
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Figure 2. Schematic of the experimental protocol timeline and measurements. The thermoneutral baseline (blue) and whole-body passive heating (red)
were completed by perfusing 34�C and 50�C water (respectively) through a water-perfused suit.
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every 20 min. Core temperature (�C) was measured via a te-
lemetry pill that each subject swallowed �6–8 h before the
experimental trial (n = 4) (21) or via a self-inserted rectal tem-
perature probe inserted �10 cm beyond the sphincter if the
subject was contraindicated to consuming the telemetry pill
or they voluntarily elected to utilize the rectal temperature
probe (n = 11). Core temperature is reported at the end of the
thermoneutral baseline and every 20min throughout the ex-
perimental protocol. Thermocouples (Omega Technologies,
Inc., Westlake Village, CA) were used to measure mean skin
temperature (�C), which was calculated as the weighted aver-
age of four skin locations (right chest, triceps, thigh, and
calf) (22) and reported every 20 min. Body temperature was
controlled with a tube-lined water-perfused suit (Med-Eng,
Ottawa, ON, Canada) that covered the entire body except for
the head/neck, hands, and feet. In addition, to augment the
rate of increase in core temperature, solar and fleece blanket
were layered on the subjects’ torso and legs.

Local skin heaters (Moor Instruments, Devon, UK) cover-
ing an area of 11 mm2 were placed on two sites of the right
and left dorsal forearm. Red blood cell flux (PU), an index of
skin blood flow, was measured at each site using integrated
laser Doppler flowmetry probes (Moor Instruments, Devon,
UK), which were seated in the center of each local heater.
Local forearm skin temperature was measured via tempera-
ture probes embedded in the local heating units (Moor
Instruments, Devon, UK).

Sweat was collected via an absorbent patch that comprised
sterile gauze (surface area: 77 cm2) secured to the skin via
impermeable Tegaderm (3 MMedical Sciences, St. Paul, MN)
on the ventral aspect of each forearm after the skin was
cleaned with deionized water and sterile gauze. The absorb-
ent patch was removed once saturated with sweat (experi-
mental arm: pre-I/R: 24±3 min, post-I/R: 31± 7 min; control
arm: pre-I/R: 25±4 min, post-I/R: 29±6 min) and placed
directly into the sterile syringe for weighing and sweat
extraction. Sweat was extracted by plunging the absorbent
patch in a sterile syringe (23) into an Eppendorf microcentri-
fuge tube and stored at room temperature (�22�C) for later
analyses, which were conducted within the same day of the
experimental trial. Sweat electrolytes (sodium [Naþ ], potas-
sium [Kþ ], chloride [Cl-]) were analyzed in duplicate via an
electrolyte analyzer (EasyLyte Plus; Medica Corporation,
Bedford, MA). The EasyLyte Plus uses a direct measurement
ion selective electrode and the manufacturer’s specifications
report a coefficient of variation of<1% for within-day sample
analyses and an accuracy range of 25–1000 mmol/L at a cor-
relation coefficient of 1.00. Finally, due to the inability to
extract enough sweat volume for analyses in four subjects,
sweat electrolytes are reported for 11 subjects (n = 7 women).

Local sweat rate was measured by tightly securing a cap-
sule that covered 3.9 cm2 of the skin on the dorsal surface of
each forearm, �3 cm below where the distal local heaters
and laser Doppler probes were placed. The capsule was
tightly taped to the skin after applying it with double-sided
adhesive. Dry nitrogen was perfused through the capsule at
a rate of 0.5 L/min. The water vapor from the skin exiting the
gas capsule was continuously measured by capacitance
hygrometry (HMT130, Vaisala, Woburn, WA). Local sweat
rate was calculated by multiplying the humidity output by
the flow rate of the dry nitrogen and dividing that value by

the surface area of the capsule. Local sweat rate data are
reported every 20 min throughout the protocol and as an av-
erage during the sweat collection periods pre- and post-I/R.
Estimated whole body sweat loss and percent changes in
body mass were calculated from the change in nude body
mass pre- to posttrial (n = 14 due to a missed recording of
one posttrial nude bodymass).

The number of active sweat glands was determined using
the modified iodine-paper technique previously described
(24). Briefly, �48 h before an experimental trial, pieces of
100% cotton paper (32 lb. 100% cotton paper; Southworth,
Neenah, Inc., Atlanta, GA) were cut into predetermined size
(3.9 cm2; i.e., the same surface area as used in the measure-
ment of local sweat rate) and placed in a sealed container
suspended above iodine in solid form to avoid direct contact
with the iodine. After �48 h, the pieces of paper became sat-
urated with iodine and subsequently transferred to a sealed,
sterile Petri dish for use during the experimental protocol.
Before the application of the cotton paper, the skin was blot-
ted dry and the cotton paper was firmly pressed against the
skin surface for a period of �3–5 s. With this technique,
sweat excreted from the active sweat glands form identifia-
ble blue dots on the iodine-saturated paper when it is placed
in contact with the skin surface. After the paper was
removed from the skin, an image was immediately taken
(iPhone 12 Pro Max, Apple Inc., Cupertino, CA). Image proc-
essing and analysis (i.e., for count of active sweat glands)
were completed using ImageJ (a public domain Java image
processing and analysis program: https://imagej.nih.gov/ij/)
according to the step-by-step instructions provided in
Appendix A by Gagnon et al. (24). A representative image of
active sweat gland count is presented within Fig. 5E. Due to
technical issues with image quality, there are missing data
for active sweat glands on the experimental arm (pre-I/R: n =
13; post-I/R: n = 10; 20 min post-I/R: n = 10; 40 min post-I/R:
n = 10; 60 min post-I/R: n = 7) and control arm (pre-I/R: n =
15; post-I/R: n = 14; 20 min post-I/R: n = 13; 40 min post-I/R:
n = 10; 60 min post-I/R: n = 11). Finally, total active sweat
gland count was normalized to surface area (i.e., glands per
cm2), which permitted the calculation of active sweat gland
output (i.e., local sweat rate [mL/min/cm2] divided by glands
per cm2).

Data and Statistical Analyses

Data that were collected during the local heating at 39�C
and 44�C were visually inspected to ensure that a plateau in
red blood cell flux was observed, which was the case in all
instances. CVC (PU/mmHg) was calculated as red blood cell
flux divided by the mean arterial pressure. Red blood cell
flux and CVC were then represented as a percentage of the
maximum local heating-induced vasodilatory response as
identified during heating at 44�C (i.e., red blood cell flux
[%max] and CVC [%max]) (25).

To our knowledge, experimental I/R has not been used dur-
ing whole body passive heat stress. Therefore, to characterize
and quantify the stimulus (i.e., I/R injury) we compared sec-
ond-to-second red blood cell flux data from the present study
to previous work in our laboratory (20) that used the same ex-
perimental protocol, but under thermoneutral conditions.
Fourteen healthy adults (age: 25±3 yr, body mass index:
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24.6±3.6 kg/m2), including six women in which menstrual
cycle was controlled (i.e., within the first 10 days of menstrua-
tion), completed the previous study (20). First, we have pro-
vided a visual characterization of the continuous red blood
cell flux (%max) responses during the final 5 min of ischemia
and the 20-min reperfusion period. Second, we calculated the
peak red blood cell flux (%max) occurring during the 20-min
reperfusion period. Third, to quantify the initial reactive hy-
peremic response during the reperfusion period, we calcu-
lated the area under the curve during the first 5 min of
reperfusion relative to the preischemia red blood cell flux in
the present study (mean: 67%max) and under thermoneutral
conditions (mean: 7%max). Finally, we calculated the area
under the curve during the entire 20-min reperfusion period.
Peak red blood cell flux and the area under the curve data
were analyzed via two-tailed unpaired t tests.

Continuously collected data (i.e., mean skin temperature,
heart rate, local sweat rate, red blood cell flux) were sampled
at 1,000 Hz via a data acquisition system (PowerLab 16/35,
ADInstruments). All data were analyzed using GraphPad
Prism v. 9.4.1 (GraphPad Software Inc., La Jolla, CA). A priori
statistical significance was set at P � 0.05, and exact P values
are reported where possible. Data are reported as means±SD,
along with 95% confidence intervals (95% CIs) for sweat elec-
trolytes. Whole body responses to passive heat stress (core
temperature, mean skin temperature, heart rate, andmean ar-
terial pressure) were analyzed using a one-way analysis of var-
iance (ANOVA). Active sweat glands, local sweat rate, red
blood cell flux, and cutaneous vascular conductance were an-
alyzed using a repeated-measures linear mixed-effects model
(time � arm). Prior to statistical analyses and after visual
inspection of the predicted and actual residuals (i.e., QQ
plots), it was determined that sweat electrolyte data were
not normally distributed. All other data were normally

distributed. Statistical inference of sweat electrolytes was
therefore completed after log transformation of the data
before statistical analyses, which normally distributed the
data. The [LOG] of sweat electrolytes were analyzed using a
repeated-measures linear mixed-effects model (time � arm)
and using a two-tailed paired t test. When applicable, the
Geisser-Greenhouse correction was applied if sphericity could
not be assumed. The cutaneous vascular response to local
heating was also analyzed using a two-tailed paired t test.
Baseline red blood cell flux and cutaneous vascular conduct-
ance were analyzed via two-tailed t tests. Finally, if a signifi-
cant interaction or main effect was found (26), post hoc
analyses were completed using �Sídák’s multiple comparisons
tests.

RESULTS

Whole Body Responses to Passive Heat Stress

Whole body responses to passive heat stress are presented
in Fig. 3, A–D. Briefly, core temperature (Fig. 3A) increased
from 0 min (37.1 ±0.2�C) at 40 min (37.4±0.2�C; P < 0.0001)
and remained elevated for the remainder of the passive heat-
ing period (all P< 0.0001). The peak increase in core temper-
ature was þ 1.5 ±0.2�C. Similarly, mean skin temperature
(Fig. 3B) was elevated from 0 min (34.6±0.9�C) at 20 min
(37.8±0.8�C; P < 0.0001) and remained elevated for the re-
mainder of the passive heating period (all P < 0.0001). Heart
rate (Fig. 3C) increased from 0 min (66± 13 bpm) at 40 min
(87± 16 bpm; P = 0.0068) and remained elevated for the re-
mainder of the passive heating period (all P < 0.0001). Mean
arterial pressure (Fig. 3D) did not change from 0 min at any
timepoint during the passive heating period (P � 0.4350).
Pre- and posttrial body mass was 69.2 ± 12.9 kg and 67.7 ± 12.7
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Figure 3. Core temperature (A), mean skin
temperature (B), heart rate (C), and mean ar-
terial pressure (D) responses to 160 min of
whole-body passive heating via water-per-
fused suit (50�). Data are presented as
means ± SD. n = 15 (5 men, 10 women). All
data were analyzed via one-way analysis of
variance. If significant (P < 0.05), post hoc
analyses were completed using �Sídák’s
multiple comparisons tests. B, different from
0min (P< 0.05).
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kg, respectively. Percent change in body mass from pre- to
posttrial was �2.1 ±0.7% and estimated whole-body sweat
rate was 0.4±0.1 L/h.

Ischemia-Reperfusion Injury: Reactive Hyperemia

A characterization of the I/R protocol during passive
heat stress and thermoneutral conditions from a previous
study in our laboratory conducted using the same I/R pro-
tocol and measurements, but in a different cohort of par-
ticipants (20) is presented in Fig. 4A. Peak red blood cell
flux (%max) during the 20-min reperfusion period is pre-
sented in Fig. 4B. Peak red blood cell flux was higher dur-
ing passive heat stress (90 ± 11%; P < 0.0001) compared
with thermoneutral conditions (63 ± 15%). The area under
the curve in the first 5-min post-reperfusion relative to
preischemia red blood cell flux, and the area under the
curve across the entire 20-min reperfusion period relative
to during ischemia is presented in Fig. 4, C and D, respec-
tively. The area under the curve during the first 5 min of
the reperfusion period in the thermoneutral condition, rel-
ative to preischemia red blood cell flux, was higher
(6,953 ± 1,919 arbitrary units [AU]; P = 0.0097) than during
passive heat stress (5,230 ± 1,390 AU). Conversely, the area
under the curve across the entire 20-min reperfusion was
higher during the passive heat stress (20,030± 2946 AU;
P < 0.0001) compared with under thermoneutral condi-
tions (9,442 ± 885 AU). This greater area under the curve
across the entire 20-min reperfusion during passive heat
stress was due to a sustained increase in red blood cell flux
(%max) over time compared with the return of red blood
cell flux to preischemia levels during reperfusion in ther-
moneutral conditions.

Local Sweat Responses

Local sweat rate is presented in Fig. 5,A and B. Local sweat
rate (Fig. 5A) was not different between the experimental
(0.03±0.01 mL/min/cm2) and control (0.03±0.01 mL/min/
cm2; P = 0.4521) arms at the end of the thermoneutral base-
line period (0 min). There was an interaction effect (P <
0.0001) for local sweat rate. Local sweat rate increased from
0 min in both arms (P < 0.0001), except for during ischemia
on the experimental arm, which did not differ from the 0
min time point (P = 0.0685). Similarly, there were no differ-
ences between the experimental and control arms at any
time point except for during the ischemia (experimental
arm: 0.4±0.5 mL/min/cm2; control arm: 1.3 ±0.4 mL/min/
cm2; P = 0.0004). In contrast, when local sweat rate is
reported as a mean during the sweat collection periods pre-
and post-I/R (Fig. 5B), there was a significant interaction
effect (P = 0.0008). Mean local sweat rate increased from
pre- to post-I/R in the control arm (pre: 0.9±0.3 mL/min/
cm2; post: 1.2 ±0.4 mL/min/cm2; P = 0.0010), but not in the
experimental arm (pre: 1.0 ±0.4 mL/min/cm2; post: 1.0±0.4
mL/min/cm2; P = 0.8590). In addition, mean local sweat rate
was higher in the control arm compared to the experimental
arm post-I/R (P = 0.0094).

A representative image of active sweat gland count from
pre to post-I/R and between control and experimental arms
is presented in Fig. 5E. Active sweat glands (i.e., count per
cm2, and sweat output per gland) measured on the experi-
mental and control arms immediately before and after the I/
R protocol and every 20 min following the end of the 20 min
reperfusion are presented in Fig. 5, C and D. There was no
effect of I/R on active sweat glands density (interaction
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Figure 4. A comparison of red blood cell flux responses dur-
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period during passive heat stress (HT; red) and under ther-
moneutral conditions (TN; blue) from Greenshields et al.
(20). A: a characterization of the second-second red blood
cell flux (as a percentage of max) responses during the final
5 min of ischemia and the 20-min reperfusion. B: peak red
blood cell flux representative of the reactive hyperemia fol-
lowing reperfusion presented as a percentage of max dur-
ing the 20-min reperfusion period. C: area under the curve
(AUC; AU) during the first 5 min of reperfusion relative to
the preischemia red blood cell flux (HT: 67%max; TN: 7%max).
D: AUC during the entire 20-min reperfusion period relative
to the preischemia red blood cell flux (HT: 67%max; TN:
7%max). Data are presented as means ± SD. Data in B–D
were analyzed via unpaired t tests and exact P values
reported.
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effect: P = 0.8195) or sweat output per gland (interaction
effect: P = 0.8037).

Sweat Electrolyte Concentrations

Summarized raw data for all sweat electrolytes are pre-
sented in Supplemental Table S1 (https://doi.org/10.5281/
zenodo.7709477). Log-transformed sweat electrolyte data for
Naþ , Kþ , and Cl� measured before and after the I/R protocol
are presented in Fig. 6, A–C. Briefly, sweat Naþ increased
from pre-I/R in the experimental arm (P = 0.0492), but not in
the control arm (P = 0.4542). The change in sweat Naþ from
pre- to post-I/R was greater in the experimental arm com-
pared to the control arm (experimental arm: þ0.97 [þ0.67 –
1.27] [LOG] Naþ ; control arm: þ0.68 [þ0.38 – 0.99] [LOG]
Naþ ; P = 0.0053). It is important to note that this analysis
contains two participants with a striking reduction in sweat
Naþ on the control arm (shown as diamond and triangle
symbols in right panel of Fig. 6A and B) and finding that
would not be expected and therefore are likely potential out-
liers. Even with one or both of these outliers removed, the

change in sweat Naþ was still greater in the experimental
arm compared to the control arm (P = 0.0128 and p = 0.0160,
respectively).

Cutaneous Microvascular Function

Cutaneous microvascular responses are presented in
Fig. 7, A–F. Briefly, there were no differences in red blood
cell flux (PU or %max) or CVC (PU/mmHg or %max) between
the experimental and control arms at any point except for
during ischemia (all P < 0.0001). Similarly, CVC (%max)
during the local heating to 39�C (Fig. 7E; a marker of pri-
marily nitric oxide-mediated cutaneous vasodilation) was
not different between the experimental (80 ± 10%) and
control arms (78 ± 10%; P = 0.4999). Interestingly, at the
proximal local heaters (Fig. 7F; not heated to 39�C), CVC
(%max) was similar to that measured at the distal local
heaters (i.e., heated to 39�C) in the experimental (78 ± 11%)
and control arms (76 ± 11%). This was likely mediated by
the local skin temperature (in the absence of local heating)
that was �36 ± 1�C.
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Figure 5. Local sweat rate and active sweat gland responses during the passive heating protocol. Data are presented for the experimental arm (red
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min) and every 20 min thereafter. B: mean local sweat rate calculated during the sweat collection period pre and post ischemia-reperfusion (I/R). C:
active sweat glands (glands per cm2) measured before (pre) and immediately after (post) I/R, and every 20min during the local heating protocol.D: sweat
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image of active sweat gland count (bottom right of each quadrant) from pre to post I/R and between control and experimental arms. Finally, a representa-
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men) for the local sweat rate data in A and B. There were missing data for the active sweat glands data in C and D in the experimental arm (pre-I/R: n =
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n = 13; 40-min post-I/R: n = 10; 60-min post-I/R: n = 11). Data were analyzed using a repeated measures linear mixedmodel (time� arm) and exact P values
shown where possible. The linear mixed model table is shown. If a significant interaction or main effect was found, post hoc analyses were completed
using �Sídák’s multiple comparisons tests. 	Different from control arm (P< 0.05).
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DISCUSSION

Given the challenges of examining intrinsic mechanisms of
impaired renal tubular function following ischemic kidney
injury in vivo in humans, we aimed to utilize a noninvasive,
experimental model in humans to identify the implications of
I/R injury on tubular reabsorption of sodium by leveraging
the anatomical, physiological and functional similarities
between nephrons and eccrine sweat glands. Thus, the pri-
mary purpose of the present study was to test the hypothesis
that sweat sodium concentration would increase following I/
R during passive heat stress. In support of this hypothesis, we
demonstrate that sweat sodium concentration is elevated fol-
lowing I/R injury compared to the control arm (Fig. 6A). In
contrast to our secondary hypothesis, this elevation in sweat
sodium concentration is not accompanied by alterations cuta-
neousmicrovascular function (Fig. 7,A–F).

Ischemia-Reperfusion Injury: Reactive Hyperemia

To our knowledge, this is the first study to use an I/R proto-
col during whole body passive heating. Therefore, it was nec-
essary to quantify the magnitude of the stimulus (i.e., reactive
hyperemia). To do this, we compared the red blood cell flux
responses during the 20-min reperfusion period in the present
study to data collected in a previous study in our laboratory
(20). Preischemia red blood cell flux was �67%max during pas-
sive heat stress in the present study and �7%max under ther-
moneutral conditions, and upper arm occlusion during the
20-min ischemia period reduced red blood cell flux to�0%max

in both studies. Immediately upon reperfusion, peak red blood
cell flux (Fig. 4B) was greater in the present study (�90%max)
compared to under thermoneutral conditions (�63%max). This
finding is unsurprising given the greater demand for skin
blood flow during passive heat stress and the lower resistance
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Figure 6. Sweat electrolytes measured
from sweat collected on the experimental
arm (red circles) and control arm (gray
squares) before (pre) and after (post) the I/
R. Sweat sodium (Naþ ), potassium (Kþ ),
and chloride (Cl�) are presented in A–C,
respectively. Data are presented following
log transformation as means ± SD (left col-
umn), as an absolute change from pre I/R
as means ± SD (open circle and square for
the experimental and control arms, respec-
tively) and as individual data (middle col-
umn), or as the mean difference between
the experimental and control arms ±95%
confidence interval (CI; right column). All
statistical inference was completed after
data were log transformed and analyzed
with a repeated-measures linear mixed-
effects model (left column) or a two-tailed t
test (middle column). n = 11 (7 women, 4
men). Exact P values are shown. If a signifi-
cant interaction or main effect was found,
post hoc analyses were completed using
�Sídák’s multiple comparisons tests. P, dif-
ferent from pre I/R (P < 0.05). 	Different
from control arm (P< 0.05).
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in this vascular bed (27), but may have resulted in a greater
reperfusion (i.e., stimulus for injury). To further quantify the
reactive hyperemia response, we calculated the area under the
curve during the first 5 min of reperfusion (relative to preisch-
emia skin blood flow levels, Fig. 4C) and across the entire 20-
min reperfusion period (relative to preischemic skin blood
flow levels, Fig. 4D). The area under the curve during the first
5 min was greater under thermoneutral conditions compared
to responses observed in during passive heat stress in the pres-
ent study (Fig. 4C). This potentially highlights a reduction in
cutaneous microvascular function during heat stress as a
greater increase in skin blood flow following ischemia is often
considered to be indicative of a healthy vasculature (27).
However, this finding more likely demonstrates a reduced
capacity to further increase skin blood flow during passive
heat stress beyond that required for thermoregulation (28).
Finally, the area under the curve across the entire 20-min
reperfusion period was greater during heat stress compared to
under thermoneutral conditions. This was likely due to the rel-
atively rapid decline in red blood cell flux towards preischemia
values under thermoneutral conditions compared with the
continued demand for high skin blood flow during whole-

body passive heat stress. Together, the purpose of these analy-
ses was to attempt to quantify the I/R injury and reactive hy-
peremia profiles. However, it remains difficult to interpret
whether the cutaneous reactive hyperemia responses during
heat stress are indicative of a more injurious profile, which
will require further investigation.

Sweat Electrolytes Concentrations and Potential
Mechanisms

The primary outcomes in the present study were the
changes in sweat electrolyte concentration from pre- to
post-I/R injury. Our primary finding was that sweat sodium
concentration was elevated following I/R injury (Fig. 6A).
Interestingly, we observed a decrease in sweat potassium con-
centration in the control arm from pre- to post-I/R. This find-
ing is somewhat spurious and unexpected given that sweat
potassium is relatively stable across time and at various sweat-
ing rates (29). However, this decrease in sweat potassium con-
centration occurred in the control arm of all 11 subjects—
whereas sweat potassium did not change in the experimental
arm—ruling out any likelihood of systematic or methodologi-
cal error or sample contamination and/or evaporation. Despite
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Figure 7. Red blood cell flux (PU; A), red
blood cell flux (%max; B), cutaneous vas-
cular conductance (CVC, PU/mmHg; C),
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(CVC, %max; D) presented before whole
body passive heating (0 min) and every
20 min during the passive heating proto-
col (including the 60-min baseline, 40-min
I/R protocol, and the 60-min local heating
protocol (i.e., 40-min local heating to 39�C
and 20-min local heating to 44�C. E and F:
cutaneous vascular conductance (CVC, %
max) during local heating. Data are pre-
sented for the experimental arm (red
circles) and control arm (grey squares) as
means ± SD in A–D and as individual val-
ues in E and F. Data in A–Dwere analyzed
via mixed effects model (time � arm) and
exact P values reported. Data in E and F
were analyzed via paired t tests and exact
P values reported. 	Different from control
arm (P< 0.05).
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this fact, the physiological mechanism mediating this reduc-
tion remains elusive and requires additional study.

We also examined several potential mechanisms underly-
ing our observation of elevations in sweat sodium concentra-
tion following I/R injury. First, we observed no changes in
red blood cell flux (i.e., skin blood flow) or cutaneous vascu-
lar conductance following the I/R protocol (Fig. 7, A–D).
Following ischemia, red blood cell flux and cutaneous vascu-
lar conductance rapidly recovered to the same levels
observed in the control arm. Moreover, to assess cutaneous
microvascular function following the 20-min reperfusion pe-
riod, we used a local heating protocol to assess cutaneousmi-
crovascular function by locally heating the skin to 39�C
(serving as a bioassay of nitric oxide-mediated cutaneous va-
sodilation) (30). There were no differences between the experi-
mental and control arms in cutaneous vascular conductance
after 40 min of locally heating the skin to 39�C (Fig. 7E).
Initially, this was a surprising finding considering that previ-
ous work has demonstrated impaired cutaneous microvascu-
lar function (i.e., reduced cutaneous vascular conductance)
following I/R (17). However, compared with the sites on both
the experimental and control arms that were not locally
heated to 39�C, cutaneous vascular conductance was compa-
rable indicating that local heating to 39�C did not induce any
additional cutaneous vasodilation (Fig. 7F). It is important to
note that this finding is likely the result of the mechanisms
mediating cutaneous vasodilation during whole-body passive
heat stress. During passive heat stress, �80%–90% of cutane-
ous vasodilation to increase skin blood flow for thermoregula-
tion is sympathetically mediated (27), whereas when locally
heating the skin (i.e., not during passive heat stress) cutaneous
vasodilation is primarily the result of local factors (e.g., nitric
oxide) (28). Therefore, local heating protocols (31) may not be
an appropriate method for assessing cutaneous microvascular
function during heat stress. Regardless, neither red blood cell
flux (i.e., skin blood flow) nor cutaneous vascular conductance
were altered following I/R and likely did not contribute to the
observed increase in sweat sodium concentration.

Second, we measured local sweat rate given its relation-
ship with sweat sodium concentration (29). To this point,
as sweat rate increases there is an increase in the rate of so-
dium secretion and a decrease in sodium reabsorption
(32). In the present study, we present two primary findings
with regard to sweat rate. When presented over the dura-
tion of the experimental protocol, we observe no differ-
ence in local sweat rate between the experimental and
control arms (Fig. 5A). We only observed a difference in
local sweat rate during ischemia, which corroborates pre-
vious work demonstrating a fall in local sweating rate as a
function of a reduction in skin blood flow (33). However,
when mean local sweat rate is calculated at the time of
sweat collection pre and post-I/R (Fig. 5B), we observed
that sweat rate was increased from pre-I/R in only the con-
trol arm and that post-I/R mean local sweat rate was
higher in the control arm compared to the experimental
arm. Despite a comparatively lower local sweat rate follow-
ing I/R in the experimental arm, we observed an increase
in sweat sodium concentration—a finding opposite to a
normal anticipated physiological response (i.e., a lower
sweat rate results in a decrease in sweat sodium concentra-
tion via increased time for sodium reabsorption in the

proximal duct). This finding is striking and likely reflects
some level of sweat gland dysfunction with regard to the
capacity to reabsorb sodium following the I/R injury.

Third, we measured active sweat glands (Figs. 5, C–E) via
the modified iodine-paper technique to capture potential
alterations in active sweat gland density (number of active
sweat glands per cm2) and sweat output per active sweat
gland. I/R injury did not alter any parameter related to the
active sweat glands. Thus, it is unlikely that any aspect of
active sweat glands (density or output) mediated the increase
in sweat sodium concentration following I/R.

Based on our data, it is unlikely that cutaneous microvas-
cular function, or active sweat glands, as assessed herein,
contributed to our observations of increased sweat sodium
concentration following I/R injury. Moreover, the differen-
tial responses in mean local sweat rate between the experi-
mental and control arms following the I/R protocol perhaps
suggest that a few alternative mechanisms are at play. First,
experimental models in rodents have provided the best evi-
dence regarding the mechanismmediating impaired tubular
sodium reabsorption and increased fractional excretion of
sodium following renal I/R injury (9, 13). Notably, Van Why
et al. (13) observed a steady decline of Naþ -Kþ -ATPase (both
a- and b-subunit proteins) from 15 min to 24 h following re-
nal ischemia and indicated that the proximal tubules are the
most susceptible to injury (i.e., the site of �60% of sodium
reabsorption in the nephron). It is then plausible to speculate
that tubular sodium reabsorption following I/R injury is
mediated by a reduction in the primary active transporters
of sodium across the basolateral membrane. We speculate
that this could be occurring in the eccrine sweat duct, but
this remains unknown.

Sweat electrolyte concentration is relatively hypotonic due
to the reabsorption of sodium and chloride (29). This is pri-
marily mediated by active transport of sodium via Naþ -Kþ -
ATPase in the proximal segment in the eccrine duct, which is
rich in mitochondria because of the energy needed for active
transport (34). Thus, there is also potential for marked oxida-
tive stress that could reduce the energy production via oxida-
tive phosphorylation of plasma glucose necessary for active
transport (35), which is a similar etiological mechanisms in
kidney injury (2), but this remains unexplored.

Relevant in the context of passive heat stress and progres-
sive dehydration (via prolonged sweating) in the present
study, the activity of Naþ -Kþ -ATPase is influenced by
plasma aldosterone concentration and sweat gland sensitiv-
ity to aldosterone (36). It is unlikely that there were differen-
ces in exposure of plasma aldosterone to the sweat glands on
the experimental arm given the cross-body experimental
design. Although it is a possibility that the sensitivity to
plasma aldosterone was reduced in the experimental arm
following I/R, the potential mechanism for an alteration in
sensitivity remains elusive. Moreover, it is well known that
individual factors alter sodium reabsorption and sensitivity
to aldosterone (e.g., acclimation and fitness status, diet).
Again, however, the cross-body study design prevents any
influence of individual factors on the increase of sweat so-
dium concentration on the experimental arm following I/R
injury (which occurred in 9 out of 11 subjects; see Fig. 6A).

Finally, both cystic fibrosis transmembrane conductance
regulator (CFTR) channels and epithelial sodium channels
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(ENaC) impact of sodium and chloride reabsorption and final
sweat sodium and chloride concentrations (37). Indeed, in
individuals with less CFTR channels (often observed in cystic
fibrosis) there is less electrolyte reabsorption (38). Importantly,
there is a functional interaction between CFTR channels and
epithelial sodium channels (ENaC), as ENaC activation is de-
pendent on functioning CFTR (37). However, it is unlikely that
I/R elicited a reduction in the abundance or function of CFTR,
and subsequent action of the ENaCs over such a short period
of time. Together, each of these potential physiologicalmecha-
nisms for the resultant increase in sweat sodium concentra-
tion on the experimental arm following I/R injury needs to be
elucidated by utilizingmore invasive measurements (e.g., skin
biopsy, intradermal microdialysis, etc.) to determine role of
each of these potential pathways.

Considerations

Given the development of the novel experimental model
employed in the present study, there are a number of consid-
erations that warrant mentioning. First, the study was de-
pendent on obtaining adequate sweat samples from subjects
for electrolyte analyses, which ultimately posed to be a chal-
lenge. To elicit sweating in our subjects, we selected to use
whole body passive heating via a water-perfused suit for two
primary reasons: 1) this is an internally valid method that
can rapidly increase core body temperature (2) to elicit
sweating at volumes adequate for collection and analysis,
and 2) passive heat stress represents conditions experienced
during heat waves, and ultimately drives the increased risk
of kidney injury (via hyperthermia and/or dehydration) (5).
However, �160 min of whole body passive heating chal-
lenges the limit of subject tolerance. Alternative methods of
obtaining serial sweat sample collections could be achieved
pharmacologically. For example, previous work examining
sweat rate and sweat composition in various skin types (e.g.,
tattooed vs. nontattooed skin) (39) has used pilocarpine, an
acetylcholine agonist often used to promote sweating in clin-
ical settings as a diagnostic test for cystic fibrosis (40). It
should be noted, however, that there are methodological
considerations when pharmacologically inducing sweating
versus passive or exercise heat stress by resulting in differen-
tial sweat compositions (29). That said, the cross-body design
in the present study would have ameliorated this methodo-
logical consideration and the purpose was not to assess
sweat composition in the context of real-world settings.

A second consideration when utilizing passive heat stress
in this model is that we were only able to obtain sweat sam-
ples at two timepoints (i.e., pre- and post-I/R). Therefore, the
time course by which the sweat glands are impacted by I/R
injury is unknown. For reference, VanWhy et al. (13) observed
a progressive decline in renal tubular reabsorption of sodium
and reduction in Naþ -Kþ -ATPase from 15 min following a
reperfusion period (closest to the time course in the present
study) andworst at 24 h.

Finally, relative to the magnitude and duration renal I/R
injury in both a clinical context (e.g., cardiac bypass surgery,
kidney transplantation) and during heat stress, the magni-
tude of I/R in the present study was likely lower. In rodent
models, renal artery clamping to induce ischemia is �60
min (9, 13) and upwards of hours in humans during surgery

and potentially during heat waves. However, we selected the
20-min ischemia based on previous work from our labora-
tory (20) and others (17), which is sufficient in eliciting cuta-
neousmicrovascular dysfunction.

Conclusions

The present study provided the first evidence that sweat so-
dium concentration is elevated following I/R injury in humans.
The data in the present study reveal that this elevation in sweat
sodium concentration is likely not mediated by alterations in
cutaneous microvascular function and/or active sweat glands,
but may be contributed to by differential responses in local
sweat rate following I/R. Further research is required to iden-
tify themechanismsmediating altered sweat sodium reabsorp-
tion following I/R injury, which may include reductions in the
active transport of sodium. Nevertheless, the present study
established a model that future studies could leverage to
understand the mechanisms of I/R injury-mediated impair-
ments in tubular reabsorption of sodium during heat stress in
humans. Such studies may have relevance for improving our
understanding of the etiology of kidney injury during heat
waves and further the understanding of how the kidneys and
other tissues (e.g., eccrine sweat glands) reabsorb sodium.
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