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Abstract

The sweat glands maximum ion reabsorption rates were investigated (n = 12,

21.7 � 3.0 years, 59.4 � 9.8 kg, 166.9 � 10.4 cm and 47.1 � 7.5 mL/kg/

min) during two separate endogenous protocols; cycling at 30% (LEX) and

60% VO2max (MEX) and one exogenous trial; passive heating (PH) (43°C
water lower leg immersion) in 27°C, 50%RH. Oesophageal temperature (Tes),

skin temperature (Tsk), and forearm, chest and lower back sweat rate (SR)

and galvanic skin conductance (GSC) were measured. Salivary aldosterone was

measured pre-and postheating (n = 3). Using the ΔSR threshold for an

increasing ΔGSC to identify maximum sweat ion reabsorption rate revealed

higher reabsorption rates during MEX compared to PH (mean of all regions:

0.63 � 0.28 vs. 0.44 � 0.3 mg/cm2/min, P < 0.05). It was not possible to

identify the ion reabsorption rate during LEX for some participants. Tes and

mean Tsk were different between conditions but mean body temperature (Tb)

and local Tsk (forearm, chest and back) were similar (P > 0.05). Aldosterone

increased more during MEX (72.8 � 36.6 pg/mL) compared to PH

(39.2 � 17.5 pg/mL) and LEX (1.8 � 9.7 pg/mL). The back had a higher

threshold than the forearm (P < 0.05) but it was similar to the chest

(P > 0.05) (mean of all conditions; 0.64 � 0.33, 0.42 � 0.25, 0.54 � 0.3 mg/

cm2/min, respectively). Although the differences between conditions may be

influenced by thermal or nonthermal mechanism, our results indicate a possi-

bility that the sweat glands maximum ion reabsorption rates may be different

between exercise and passive heating without mediating skin regional

differences.

Introduction

While sweating, humans excrete a number of different

electrolytes in varying quantities across different regions

on the body (Patterson et al. 2000). The quantity of these

electrolytes, notably sodium chloride (NaCl), in sweat

appears to be influenced by the sweat generation rate and

the rate at which the ions are reabsorbed in the distal

duct of the sweat glands (Shamsuddin et al. 2005b; Buono

et al. 2007). Upon stimulation, the sweat glands produce

an isosmotic precursor fluid in the proximal secretory coil

(Shamsuddin et al. 2005b; Buono et al. 2007) that then

travels toward the skin surface during which NaCl is reab-

sorbed in the distal duct, the result of which is a hypo-

osmotic fluid appearing on the skin surface (Allan and

Wilson 1971; Sato 1977; Sato et al. 1989). The sweat rate

(SR) at which sweat NaCl concentration increases rapidly

is believed to reflect the point at which the maximum
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rate of ion reabsorption occurs (Shamsuddin et al. 2005a,

b). Recent studies have identified the maximum rate of

ion reabsorption in the context of skin temperature

(Shamsuddin et al. 2005b), heat acclimation (Buono et al.

2007; Amano et al. 2016), long-term exercise training sta-

tus, sex and skin regions (Amano et al. 2017).

Previous studies have induced heat stress via either

endogenous (exercise) or exogenous (passive heating)

protocols, indicating maximum ion reabsorption rates,

ranging between 0.19 and 0.83 mg/cm2/min (Shamsuddin

et al. 2005a,b; Amano et al. 2016, 2017). The upper and

lower ranges of these ion reabsorption rates have both

been measured during exercise while passive heating pro-

tocols resulted in median ion reabsorption rates of

approximately 0.3 mg/cm2/min. Such divergent results

may be attributed to different experimental protocols

employed such as ambient conditions, skin regions, and

exercise protocols among previous studies. So it is unclear

how the differences in exercise or passive heat stress

would modify maximum rate of sweat ion reabsorption.

Such data should help consolidate future experimental

methodologies that may further attempt to understand

the physiological mechanisms responsible for ion reab-

sorption rate of the sweat glands.

In comparison to a passive heating protocol, exercise

induced thermal stress resulted in higher levels of water

regulatory hormones (renin, aldosterone, and atrial natri-

uretic peptide) measured in blood plasma (Melin et al.

2001). The consequence of which was an enhanced renal

tubular sodium reabsorption, which may have similar

impacts on the ion regulatory mechanisms in the sweat

glands (Melin et al. 2001; Hew-Butler et al. 2010). In

addition, it is also reported that the concentration of

water regulating hormones are exercise intensity-depen-

dent (Freund et al. 1991; Yoshida et al. 2006) and Con-

vertino et al. (1983) suggested that plasma renin activity

and vasopressin increased above an approximate thresh-

old of 50% VO2max. These increases may serve to enhance

a greater water and NaCl retention and it is therefore

thought that the ion reabsorption of the sweat glands

during exercise and passive heating protocols could pro-

duce different responses, which would also be modulated

by the exercise intensity.

Sweat rate and sweated ion concentrations are known

to vary across the body and strong linear relationships are

observed between the two (Patterson et al. 2000; Smith

and Havenith 2012). However, the slopes of these rela-

tionships have been reported to differ among regions,

which has been associated with the different reabsorption

rates across sites (Inoue et al. 1998). The choice of loca-

tions for studying ion reabsorption rates seem to be at

the discretion of the authors and have included the fore-

arm (Amano et al. 2016), chest (Buono et al. 2007) and

back (Shamsuddin et al. 2005a) with higher maximum

ion reabsorptions rates reported at the torso in compar-

ison to the extremities (Inoue et al. 1998; Amano et al.

2017). No data exist as to whether these regional differ-

ence vary with different heating protocols but it is unli-

kely given that NaCl concentration is correlated with

local sweat gland output (Shamsuddin et al. 2005b;

Buono et al. 2007) and previous studies suggest that

regional differences in SR remain unchanged with increas-

ing exercise intensity (Smith and Havenith 2011). In

addition, regional differences in SR does not seem to be

markedly different between exercise and passive heating

(Taylor and Machado-Moreira 2013).

The aim of this study was to compare maximum ion

reabsorption rates of the sweat glands to passive heating,

low intensity and moderate intensity exercise. Due to the

differences in the fluid regulatory (renin and vasopressin)

above and below 50% VO2max reported previously (Con-

vertino et al. 1983), it was hypothesized that that the max-

imum ion reabsorption rate of the eccrine sweat glands

will be greater during moderate intensity exercise compare

to both passive heating and low-intensity exercise. In addi-

tion, it is hypothesized that the ion reabsorption rate will

be similar between low-intensity exercise and passive heat-

ing. To elucidate regional differences on the maximum

rate of sweat ions reabsorption in the context of exercise

and passive heating protocols, we evaluated the response

across back, chest, and forearm. We further hypothesized

that the ion reabsorption rates will be greater on the torso

than the extremities in both conditions yet these regional

differences will remain intact across the protocols.

Methods

Ethical approval

Participants were informed about the study purpose and

procedures prior to providing verbal and written consent.

The Human Subjects Committee of the Graduate School

of Human Development and Environment at Kobe

University (Japan) approved the study (report no. 259),

which conforms to the standards set out by the Declara-

tion of Helsinki (except for registration in a database).

Participants

Males and females were recruited for this study, as our

previous research indicated no sex-related differences in

ion reabsorption rates (Amano et al. 2017). Twelve un-

acclimated participants (five females and seven males)

were recruited for the study. Mean (� SD) age, body

mass, height, and VO2max were 21.7 � 3.0 years,

59.4 � 9.8 kg, 166.9 � 10.4 cm, and 47.1 � 7.5 mL/kg/
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min. Participants were asked to refrain from consuming

high sodium foods, caffeine or alcohol and to avoid any

strenuous exercise 24 h preceding the trials. For the

experimental trials they were instructed to record their

food and beverage intake during the preceding 24 h and

asked to replicate this for the remaining trials. To pro-

mote euhydration, participants were instructed to con-

sume at least 500 mL of water 1–2 h prior to experiment.

All participants were nonsmokers and were not taking

any medications. Menstrual cycle phase was not con-

trolled for in the female participants.

Study overview

Prior to the main experimental trials participants com-

pleted a maximal oxygen uptake test on a cycle ergometer.

Participants were then required to visit the laboratory a

further 3 times for the main experimental trials that were

separated by at least 48 h. The experimental trials consisted

of two separate endogenous (cycling exercise) trials and

one exogenous heating trial (passive heating), in a balanced

order. All experimental trials were conducted in a climatic

chamber (SR-3000; Nagano Science, Osaka, Japan) con-

trolled at 27°C, 50% relative humidity, with minimal air

movement. All tests were completed at the same time of

day (� 1.5 h), at least 2 h after their last meal. During all

experimental trials, participants wore standardized shorts

and females also wore a sports bra underneath a water-per-

fused suit (Allen-Vanguard, Ottawa, Canada) to help ele-

vate the thermal load and in an attempt to maintain a

similar skin temperature across the body.

Graded exercise test

Utilizing a ramp protocol, participants completed a 2-min

warm up at 20W, 60 rpm, followed by a continual increase

in 20W every minute until exhaustion on a semirecumbent

cycle ergometer (Lode Angio, Groningen, The Netherlands).

Respiratory gases were continuously monitored throughout

using an online gas analysis system (AE3000S; Minato Medi-

cal Science, Osaka, Japan) with 10-sec averages being

recorded. Heart rate was continuously monitored by teleme-

try using a HR monitor (Polar RS400; Polar Electro Oy,

Kempele, Finland) and 10-sec averages were recorded. The

VO2max was calculated as the average oxygen consumption

over the final 30 sec. Testing took place in a controlled envi-

ronment of 25°C, 50% RH andminimal air movement.

Experimental trials

Upon entering the chamber participants donned a water-

perfused suit that covered the entire body except face,

hands, and lower legs (from above the knee). Participants

then rested in a semi supine position for approximately

60 min while the measuring instruments were attached

(detailed below). During the instrumentation preparation

phase, water was passed through the suit at 34°C to

maintain a stable resting skin temperature. Following

instrumentations, baseline data were recorded for 5 min.

Participants were then heated either endogenously or

exogenously. Exogenous heating involved immersing the

lower legs (up to the knee) into a water bath set at 43°C
for 30 min (passive heating, hereafter abbreviated to PH).

Endogenous heating trials were performance at either

30% (low intensity exercise, hereafter abbreviated to LEX)

or 60% (moderate intensity exercise, hereafter abbreviated

to MEX) of VO2max for 30 min on the same semi recum-

bent cycle ergometer used for the graded exercise test.

The same chair was used for PH, LEX and MEX and

therefore the same posture was maintained for all condi-

tions. During the heating phase in all experimental trials,

the water temperature inside the suit was increased to

36°C to maintain stable yet elevated skin temperature.

Measurements

Participants self inserted the esophageal thermometer, as

an index of core temperature (Tes) to the distance of one-

fourth of standing height from the external nares. Skin

temperature (Tsk) was measured at 9 sites (forehead,

chest, scapula, lumbar, upper posterior arm, posterior

forearm, dorsal hand, anterior thigh, and posterior calf).

Both the oesophageal and skin temperatures were mea-

sured using copper-constantan thermocouples (Inui Engi-

neering, Higashi Osaka, Japan). The tip of the esophageal

thermometer was covered with silicon and the skin ther-

mocouples were uncovered and attached to the skin using

Medipore tape. Mean skin temperature (from 8 sites) and

mean body temperature (Tb) was calculated using the fol-

lowing respective formula (Stolwijk and Hardy 1966;

Gagge and Nishi 2011);

MeanTsk ¼ ðforehead� 0:07Þ þ ðchest� 0:175Þ
þ ðscapula� 0:175Þ þ ðupper posterior arm
� 0:07Þ þ ðposterior forearm� 0:07Þ þ ðhand
� 0:05Þ þ ðanterior thigh� 0:19Þ
þ ðposterior calf � 0:2Þ

Tb ¼ ð0:8� TesÞ þ ð0:2�meanTskÞ
SR was measured using the ventilated capsule method

at the mid-chest, lower back to the right side of the lum-

bar spine and mid-ventral forearm, all on the right side

of the body. Dry nitrogen gas was flushed (500 mL/min)

through the apparatus approximately 1 h prior to each

experiment to ensure stable readings. Each capsule

(3.14 cm2) was affixed to the skin using Collodion glue at
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least 30 min prior to data collection. The temperature

and humidity of the air flowing out of the capsule was

measured using a capacitance hygrometer (HMP50; Vai-

sala, Helsinki, Finland). Two Ag/AgCl electrodes (Vitrode

J, Nihon Kohden, Tokyo, Japan) for measuring GSC were

attached either side of the sweat capsules, approximately

3 cm apart (MP100 and GSC100C; Biopac, Goleta CA).

Both the SR capsule and the Ag/AgCl electrodes were

placed beneath the suit. Tes, local Tsk, SR and GSC were

recorded every second by a data logger (MX100; Yoko-

gawa, Tokyo, Japan). Heart rate and arterial blood pres-

sure were continuously measured on the left middle

finger using a Finometer (Finometer; Finapres Medical

Systems, Amsterdam, The Netherlands); mean arterial

pressure (MAP) was subsequently calculated.

Measuring the sweat glands maximum ion
reabsorption rate

As described in our previous experiment (Amano et al.

2016), the maximum reabsorption rate of the sweat

glands can be obtained by plotting DGSC against ΔSR as

shown in Figure 1. By plotting this relationship, it is pos-

sible to identify three distinct phases; representing differ-

ent stages of sweat production. In the first phase, labeled

“a” there is an increase in ΔGSC but no change in ΔSR,
which represents the isosmotic precursor sweat produc-

tion in the proximal secretory coil. Such changes in

ΔGSC and no changes in ΔSR are frequently utilized to

identify pre-secretory sweat gland activity (Thomas and

Korr 1957; Darrow 1964; Machado-Moreira et al. 2009).

In the second phase, labeled “b” an increased ΔSR with-

out an increase in DGSC can be observed. As ΔGSC is

influenced by both the amount of sweat produced as well

as the electrolyte concentration the fact that ΔSR increases

but there is no change in ΔGSC represents reabsorption

of sweated ions in the sweat duct. Once the rate of sweat

ion secretion exceeds its reabsorption limit in the duct

then a proportional increase in DGSC with increasing

ΔSR can be observed, labeled “c”. The point at which “b”

and “c” intersect is used to identify the maximum rate of

sweat glands ion reabsorption. In this study, the threshold

between portion “b” and “c” were determined using seg-

mented regression analysis on GraphPad Prism (version

6) software.

Follow up study –salivary aldosterone

In a small follow-up study, three participants repeated the

three conditions while salivary aldosterone samples were

collected at rest and at the end of each condition (LEX,

MEX, and PH). Previous research has reported strong

correlations between saliva, plasma, and urine aldosterone

concentrations (Robert Mcvie and Levine 1979; Few et al.

1986; Manolopoulou et al. 2009). As per the main trial,

participants were asked to refrain from consuming high-

sodium foods, caffeine or alcohol and to avoid any stren-

uous exercise 24 h preceding the trials and a minimum of

48 h separated trials. They were also requested to con-

sume 500 mL of water 1–2 h before each trial. Partici-

pants rested in the environmental chamber (27°C, 50%
RH) for 30 min prior to baseline sampling. During the

final minute of each condition a salivary sample was

taken. Salivary aldosterone was collected using SalivettesTM

(Sarstedt, Newton, NC) whereby a plain cotton swab was

inserted into the mouth and chewed for 60 sec. The cot-

ton swab was then returned into the SalivetteTM tube and

spun at 4000RPM for 10 min. Samples were then frozen

at �30°C until analysis. After thawing, salivary aldos-

terone (pg/mL) levels were quantified by competitive

ELISA (LDN, GmbH & Co.KG, Germany). The sensitivity

of the assay for aldosterone was 14 pg/mL and the inter-

and intra-assay coefficient of variation were between 3.9%

and 7.5% and 9.4–9.7%, respectively.

Data analysis

To investigate the effect of exogenous (passive) and

endogenous (exercise) heating on physiological parame-

ters (local maximum ion reabsorption) a two-way

repeated measure ANOVA with condition (PH, LEX and

MEX) and location (chest, forearm and back) as repeated

measures was carried out. As time was not a factor in our

hypothesis, the area under the time response curve as a

measure of the cumulative (or equivalent, mean) response

was calculated for local Tsk, ΔSR and ΔGSC at the three

measurement sites and subsequently used in a two-way

ANOVA to analyse the effect of condition (PH, LEX and

MEX) and location (forearm, chest and back), otherwise

Figure 1. Example of the relationship between changes in galvanic

skin conductance (ΔGSC) and sweat rate (ΔSR) in one participant.
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known as within subject modeling (Hopkins et al. 2009).

Two-way repeated measures ANOVA with time (7 levels:

BL, 5, 10, 15, 20, 25, 30 min) and condition (3 levels:

PH, LEX and MEX) was used to assess the remaining

thermophysiological (Tes, Tb and mean Tsk) and cardio-

vascular responses (HR and MAP). When any significant

effects were observed, post hoc comparison using the

Bonferroni test were carried out. All data were checked

for homogeneity of variance and normality (Shapiro-Wilk

test). Both HR and MAP violated these assumptions, so a

Friedman’s test was performed (comparing LEX, MEX,

and PH data). All data are expressed as means and stan-

dard deviations and statistical significance was set at

P < 0.05. All data were analyzed using GraphPad Prism

(version 6).

Results

Thermo-physiological measurements during
the heating protocols

The influence of each heating protocol on thermoregula-

tory responses; Tes, Tb, and mean Tsk are displayed in

Table 1. For Tes, statistical analysis revealed a main effect of

condition and post hoc analysis revealed that Tes was higher

during MEX than PH and LEX (P < 0.05) but there were

no differences between PH and LEX (P > 0.05). A main

effect of time was observed with all data from 10 to 30 min

being higher than baseline. An interaction effect was also

observed and post hoc comparisons are highlighted in

Table 1. A main effect of condition was also observed for

mean Tsk and post hoc analysis revealed that mean Tsk was

lower during LEX compared to PH and MEX (P < 0.05),

and PH was higher than MEX (P < 0.05). A main effect of

time was also observed with all data points from 10 to

30 min being higher than baseline (P < 0.05). An interac-

tion effect was also observed and post hoc comparisons are

highlighted in Table 1. A main effect of condition was

observed for Tb and post hoc analysis revealed that Tb was

lower during LEX compared to PH and MEX (P < 0.05)

but there were no differences between PH and MEX

(P > 0.05). A main effect of time was also observed with all

data from 10 to 30 min being higher than baseline

(P < 0.05). An interaction effect was also observed and post

hoc comparisons are highlighted in Table 1.

Skin temperature measured at the three locations under

investigation for ion reabsorption rates (forearm, chest,

and back) are illustrated in Figure 2. Using the area

under the curve, a main effect of condition and location

was observed (P < 0.05). Post hoc analysis revealed that

cumulative effect (i.e., the AUC) for the forearm Tsk was

smaller during LEX compared to MEX and PH (4.5, 45.5,

and 26.3°C, respectively P < 0.05) but no differences were

observed between PH and MEX (P > 0.05). A smaller

cumulative effect for the chest Tsk was observed during

LEX compared to MEX (10.2 and 23.1°C, respectively,

P < 0.05) but it was not different between LEX and PH

(15.6°C) or between PH and MEX (P > 0.05). Back Tsk

was similar between conditions.

Local ΔGSC and ΔSR over time in each of the three

conditions are presented in Figure 3. A main effect of

condition and location were observed for the AUC of the

ΔSR data. ΔSR was greater during MEX compared to PH

and LEX (20.6, 11.9, and 6.9 mg/cm2, respectively,

P < 0.05). All locations were significantly different to one

another, with the largest AUC measured at the back, chest

and forearm (16.9, 12.1, and 10.3 mg/cm2, respectively,

P < 0.05). For ΔGSC a main affect of condition was

found with a larger AUC reported for MEX (501.4 lS)
compared to both PH (210.9 lS) and LEX (204.9 lS)
(P < 0.05). No effect of location was detected (P > 0.05).

ΔSweat rate threshold for an increasing
ΔGSC

The mean (�SD) values for the sweat rate threshold for

an increasing ΔGSC are presented in Figure 4.

During LEX, it was not always possible to identify the

ΔSR threshold for an increasing ΔGSC suggesting that the

maximum reabsorption rate had not been reached. This

occurred for three participants at all three locations, while

in other participants it occurred at only one or two loca-

tions. This resulted in collected data at the forearm, chest,

and back from 8, 8, and 7 participants (respectively). As

these were not necessarily the same participants at each

location, it resulted in only five full data sets (all three

conditions and all three locations). This implicated the

data analysis and it was therefore deemed appropriate to

only statistically compare PH and MEX ion reabsorption

data. Analysis revealed an effect of condition and location

(P < 0.05) but no interaction (condition x location)

(P > 0.05). The maximum ion reabsorption rate occurred

at a higher ΔSR during MEX compared to PH (mean of

all data; 0.63 � 0.28 and 0.54 � 0.30 mg/cm2/min,

respectively, P < 0.05). An effect of location was also

observed with the back having a higher maximum reab-

sorption rate than the forearm (mean of all data:

0.64 � 0.33 and 0.42 � 0.25 mg/cm2/min, respectively,

P < 0.05) but the chest (0.54 � 0.30 mg/cm2/min) was

not different to either the back or forearm (P > 0.05).

Although LEX was excluded from the statistical analysis

the remaining data can be used in an exploratory manner

to observe any trends. From Figure 4 it is evident that

the sweat rate threshold for an increasing ΔGSC is con-

siderably lower during LEX compared to MEX (mean dif-

ference �0.36 mg/cm2/min) and slightly lower than PH
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Figure 2. Local skin temperature (Tsk) at the forearm (A), chest (B) and back (C) measured over time during passive heating (PH), low-intensity

exercise (LEX) and moderate intensity exercise (MEX). Symbols *, ∞ and ƒ indicates significant differences between PH and MEX, LEX and MEX

and LEX and PH, respectively (P < 0.05). Values are expressed as mean � SD for 12 participants.
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(mean difference �0.18 mg/cm2/min). In addition, the

back had a higher maximum ion reabsorption rate than

both the chest and the forearm, while the forearm and

chest were very similar.

As per our previous study, we plotted the relation

between ΔSR thresholds for an increasing ΔGSC against

the maximum SR (see Fig. 5) at the end of each protocol

(inclusive of all three locations and all three conditions)

and found no relation (r2<0.001, P > 0.05). This was still

the case when we separated the data for each condition

(combining the three locations) and when we grouped

the data according to each location (combining the three

conditions). We found a strong significant relation at the

forearm only (r2= 0.77, P < 0.05).

Cardiovascular measurements during the
heating protocols

Cardiovascular responses to the three different protocols

are displayed in Table 1. A significant effect of condition

Figure 3. Left column shows local ΔGSC and right column shows ΔSR during passive heating (PH), low-intensity exercise (LEX) and moderate

intensity exercise (MEX) measured at the forearm, chest and back. Values are expressed as mean � SD for 12 participants.
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were present for HR and MAP (P < 0.001). HR and MAP

were lower during PH and LEX compared to MEX

(P < 0.001) and LEX was lower than PH (P > 0.001).

Salivary aldosterone

Salivary aldosterone levels showed the greatest increase

from baseline to the end of MEX (Δ72.8 � 35.6 pg/mL,

range: 31.7–94.6 pg/mL). An increase was also observed

during PH (Δ39.2 � 17.5 pg/mL, range 22.1–57.0 pg/mL)

and a very small change observed during LEX

(Δ1.8 � 9.7 pg/mL, range �5 to 12.85 pg/mL).

Discussion

Influence of endogenous and exogenous
heating

The ΔSR threshold for an increasing ΔGSC has recently

been proposed as a method of assessing the sweat glands

maximum ion reabsorption rate (Amano et al. 2016). The

main finding from this study was that endogenous and

exogenous heating may have different effects on the sweat

gland(s) ion reabsorption rates. It has been suggested that

Na+ secretion increases proportionally faster than the

reabsorption rate with an increasing sweat rate, hence

why a linear relationship between SR and sweated ion

concentration can be observed (Buono et al. 2008). While

this may be the case, our data suggests that the ion reab-

sorption rate can be altered. Endogenous heating resulted

in a higher ΔSR threshold for an increasing ΔGSC, indi-
cating a higher maximum reabsorption rate than exoge-

nous heating at all three locations. The mechanism by

which this is achieved may be associated with thermal or

nonthermal mechanisms associated with the different pro-

tocols. Importance of thermal mechanism such as Tes and

Tsk has previously been suggested (Shamsuddin et al.

2005a). During PH, Tsk of the lower leg mirrored water

temperature of the immersion bath (43°C), resulting in a

higher mean Tsk compared to MEX, whereas a greater rise

in Tes was observed during MEX. As a result of the differ-

ent protocols used, the differences in skin and core tem-

perature were inevitable but we were able to match Tb

and local Tsk at the 3 measured locations (forearm, chest,

and back). Given that Tc has a greater influence on sweat

rate compared to Tc (Nadel et al. 1971) it is possible that

the differences in the maximum ion reabsorption rate

observed between the two conditions may result from a

higher Tc during MEX compared to PH. By plotting the

maximum SR against the maximum ion reabsorption rate

in our previous experiment (Amano et al. 2017) we

showed that SR may explain 75% of the variance in ion

reabsorption rate during a progressively increasing exer-

cise intensity protocol. We replicated this analysis in this

study and we found no relation (see Fig. 5). The aim of

this study was to investigate if different heating protocols

affected the maximum ion reabsorption rate. There would

be no clear relationship if differences occurred, as we

hypothesized. This may provide additional evidence for

the influence of heating protocols on ion reabsorption

rates of the sweat glands but further research is required

to confirm this.
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Figure 4. The ΔSR threshold for an increasing ΔGSC during low-

intensity exercise (LEX) moderate intensity exercise (MEX) and

passive heating (PH) at the forearm, chest and back. Values are

expressed as mean � SD for 12 participants for all MEX and PH

data, however, LEX at the chest and forearm are the mean � SD

for 8 participants and the back is the mean � SD for 7 participants.

Therefore, LEX data were excluded from statistical analysis. MEX

was higher than PH (*,P < 0.05) and the back had a higher

reabsorption rate than the forearm (indicated by Φ, P < 0.05) but

there was no interaction effect. LEX, low-intensity exercise; MEX,

moderate intensity exercise; PH, passive heating.

Figure 5. Sweat rate (SR) thresholds for an increasing ΔGSC on

the forearm (FA), chest (CH) and back (BK) plotted against the

maximum SR achieved during low-intensity exercise (LEX), moderate

intensity exercise (MEX) and passive heating (PH).
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The influence of Tsk on the ion reabsorption rate of

the sweat glands was previously investigated by Shamsuddin

et al. (2005a), whereby lowering mean Tsk (ΔmeanTsk

~3.0°C) via changing ambient conditions (19°C vs. 25°C)
during exercise inhibited the ion reabsorption capacity of

the sweat gland. Their results conflict with this study

whereby Shamsuddin et al. (2005a) reported a lower ion

reabsorption rate for a lower mean Tsk. However, in this

study, mean Tsk during MEX was lower than PH yet the ion

reabsorption rate was higher. This contrasting finding may

lean more toward nonthermal mechanisms (see following

discussion) for the differences observed between endoge-

nous and exogenous heating protocols in our study. In

addition, Shamsuddin et al. (2005a) reported the differ-

ences in mean Tsk and not the local Tsk at the measured

location. Our data showed differences in mean Tsk which

was primarily due to differences in lower leg Tsk mirroring

water bath temperature (43°C), while local Tsk at the chest,

back, and forearm (and at other locations) were not signifi-

cantly different between the two conditions.

If our thermophysiological responses had been matched

between the two conditions, we hypothesize that the dif-

ferences observed between the maximum ion reabsorption

rate would still be evident, primarily due to the sympa-

thetic differences between such protocols. Studies aimed

to separate the thermal and exercise effects on various

physiological responses have documented differences in

sympathetic nervous system and hypothalamic-pituitary-

adrenal-axis responses (Collins and Weiner 1968;

Francesconi 1988; Brenner et al. 1998). Fluid regulatory

hormones have too been shown to differ between endoge-

nous and exogenous heating protocols with elevated levels

of plasma renin and aldosterone and also plasma cate-

cholamines during exercise compared to passive heating

(Melin et al. 2001). In a small follow up study we

measured pre- and postsalivary aldosterone concentra-

tions during each protocol (n = 3). Larger increases

in salivary aldosterone were observed during MEX

(Δ72.8 � 36.6 pg/mL) compared to both PH

(Δ39.1 � 17.5 pg/mL) and LEX (Δ1.8 � 9.7 pg/mL).

Aldosterone is known for its role in regulating sodium

reabsorption in the distal segment of the nephron in the

kidneys, which has been likened to the reabsorptive distal

duct of the sweat gland that also contains epithelial

sodium channel (ENaC) and cystic fibrosis transmem-

brane regulator (CFTR) that are regulated by the renin-

angiotensin-aldosterone axis, anti-diuretic hormones and

catecholamines (Alvarez De La Rosa et al. 2000; Reddy

and Stutts 2013). The rapid nongenomic action of aldos-

terone selectively targets basolateral K+ pump and Na+/

H+ exchanger in distal human sweat glands via the activa-

tion of protein kinase C (PKC) and calcium signaling

(Hegarty and Harvey 1999; Harvey and Higgins 2000).

The result of which is the promotion of sodium transport

from apical to basolateral spaces (i.e., sodium reabsorp-

tion). Harvey and Higgins (2000) reported changes in

aldosterone as small as 0.1 nmol/L (or 36 pg/mL) signifi-

cantly increased intracellular Ca2+ transporters in mouse

cortical collecting duct, which subsequently activated

Na+/H+ exchanger. Thus, our aldosterone data might sug-

gest a greater humoral regulation of the sweat ions reab-

sorption rate during MEX compared to PH although this

needs to be confirmed in matched thermal conditions.

Alternatively, it is also reported that other non-thermal

mechanisms such as the activity of the fluid and sodium

regulatory channels lining the sweat glands (e.g., aqua-

porin-5 water channel and co-activated CFTR and the

ENaC may play a role for regulating sweat sodium reab-

sorption; Reddy and Quinton 1994, 2003; Brown et al.

2011; Bovell 2015). It is however, unknown whether and

how they affected the differences in the maximum rate of

sweat reabsorption between PH and MEX in this study.

LEX data were excluded from the statistical analysis, as

it was not possible to identify the maximum ion reab-

sorption at some location for some participants. For these

participants, it is simply assumed that the level of sweat-

ing during LEX was too low to identify the threshold and

in such cases, when sweat rate is low, the ion reabsorp-

tion rate can match the ion secretion rate. The remaining

data indicated that there was a trend for a lower thresh-

old at all locations during LEX compared to PH and

MEX. Plasma renin activity and vasopressin have been

shown to increase above an approximate threshold of

50% VO2max which enhances water and NaCl retention

during exercise (Convertino et al. 1983). The exercise

intensity during LEX corresponded to 30% VO2max while

MEX corresponded to 60% VO2max. While speculative, it

is therefore assumed that potential hormone secretion

during exercise at 30% VO2max might be varied among

individuals which might make it difficult to identify the

threshold for some of our participants in this study. In

support of this the aldosterone levels remained unchanged

during LEX (Δ1.8 � 9.7 pg/mL). Furthermore, for three

participants it was not possible to identify the threshold

at any of the three locations during LEX but in some par-

ticipants it was possible to identify the threshold at one

or two locations, which supports the hypothesis of regio-

nal differences in the ion reabsorption rates.

Regional differences

Patterson et al. (2000) reported regional differences (10

sites) in sweat rate and sweat composition and found

strong relationships between Na+ and Cl� with sweat rate

for individual participants and at individual locations but

when the data were pooled for all participants and all
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locations poor correlation coefficients were observed.

They suggested that this could be attributed to individ-

ual and regional differences in ion reabsorptive capacity

of the sweat gland(s). In this study, regional differences

in the maximum ion reabsorption rates were observed

(high to low) at the back, chest and the forearm. Data

analysis revealed that the back was significantly higher

than the forearm. This data supports our previous

research whereby the back has a higher ion reabsorption

rate than the forearm (Amano et al. 2017) and the torso

ion reabsorption rate being greater than the extremities

(Inoue et al. 1998). We can now confirm that these

regional differences are still apparent during both endo-

and exogenous heating protocols. In addition, while

speculative, this study also implies that potential non-

thermal influences (e.g., hormones) would equally affect

the maximum rate of sweat reabsorption across the body

regions.

Amano et al. (2017) reported similar regional differ-

ences in ion reabsorption rates but these could not attrib-

uted to any potential mechanistic differences, as local Tsk

was reportedly different between sites. In this study regio-

nal differences in Tsk were not apparent between the fore-

arm, chest and back during MEX but the forearm Tsk

was lower than the back during PH. During MEX the ion

reabsorption rate of the forearm was significantly lower

(0.57 � 0.28 mg/cm2/min) than the back

(0.99 � 0.53 mg/cm2/min), which in this data cannot be

explained by differences in regional Tsk. The torso, espe-

cially posterior torso has consistently been reported as

having greater sweat rate in comparison to the anterior

torso and the extremities (Cotter et al. 1995; Havenith

et al. 2008; Smith and Havenith 2011, 2012) and thus a

potentially larger sweated ion loss. In order to prevent

excessive ion loss from the torso region, having a higher

reabsorption rate could be a teleological conception that

would be advantageous for maintaining fluid and elec-

trolyte balance. We previously proposed that irrespective

of regional differences, sex and exercise training, sweat

gland(s) that can produce larger volumes of sweat have a

greater capacity of sweat ion reabsorption as indicated by

the strong significant relationships observed between the

ΔSR threshold for an increasing ΔGSC with measured SR

at the end of exercise (Amano et al. 2017). However, in

this study this relationship was not observed which might

be due to the differing protocols of the two studies. The

regional differences observed may be influenced by struc-

tural differences in the sweat glands, such as a longer

reabsorptive duct, greater capillarization around the sweat

gland for the delivery of fluid regulatory hormones, or

sudomotor sensitivity might account for the differences

in ion reabsorptive and sweated ion concentrations

reported here and elsewhere.

Perspectives and significance

The physiological benefit of having a higher ion reabsorp-

tion rate is the release of more dilute sweat onto the skin

surface via the attenuation of ion loss (namely NaCl). As

such, in the event of prolonged sweat production, decreases

in plasma volume and increases in plasma osmotic pressure

will both be attenuated (Senay 1968). Given the linear rela-

tionship observed between sweat rate and sweated Na+ con-

centration (Buono et al. 2008), if sweat rate is high then so

too will be the secreted ions. In this study, sweat rate at all

three locations was greater during MEX in comparison to

PH and LEX. Therefore, we speculate that in order to pre-

vent excessive sweated ion loss that can lead to reductions

in plasma volume and heightened cardiovascular strain, the

maximum ion reabsorption rate of the sweat glands can be

regulated and this may be mediated by thermal and non-

thermal modulators such as aldosterone. Future studies are

required to investigate conditions where Tc is matched

between passive and active heating protocols.

Conclusion

Endogenous heating resulted in a higher ΔSR threshold

for an increasing ΔGSC, indicating a higher maximum

reabsorption rate than exogenous heating at the chest,

back and forearm. As this difference may be influenced

by either thermal or nonthermal mechanisms future

research is required to address these points independently.

Furthermore, independent of thermal influences, typical

regional differences remained intact despite the differences

in heating protocols. We provide important insights for

future research studies and alluding to potential control-

ling mechanisms for understanding the sweat ion regula-

tion at the level of the sweat gland.

Acknowledgments

We thank our participants for volunteering their time.

We thank Dr Koji Sato (Kobe University, Japan) for his

guidance and assistance with the aldosterone data collec-

tion, analysis and interpretation. We also thank Drs S.

Koga and D. Okushima (Kobe Design University, Japan)

for their insightful comments during the preparation of

this manuscript.

Conflict of Interest

None declared.

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
The Physiological Society and the American Physiological Society.

2018 | Vol. 6 | Iss. 5 | e13619
Page 11

N. Gerrett et al. Sweat Glands Maximum Ion Reabsorption Rate



References

Allan, J. R., and C. G. Wilson. 1971. Influence of

acclimatization on sweat sodium concentration. J. Appl.

Physiol. 30:708–712.

Alvarez De La Rosa, D., C. M. Canessa, G. K. Fyfe, and P.

Zhang. 2000. Structure and regulation of amiloride-senstive

sodium channels. Annu. Rev. Physiol. 62:573–594.
Amano, T., N. Gerrett, Y. Inoue, T. Nishiyasu, G. Havenith,

and N. Kondo. 2016. Determination of the maximum rate

of eccrine sweat glands’ ion reabsorption using the galvanic

skin conductance to local sweat rate relationship. Eur. J.

Appl. Physiol. 116:281–290.

Amano, T., M. Hirose, K. Konishi, N. Gerrett, H. Ueda, N.

Kondo, et al. 2017. Maximum rate of sweat ions

reabsorption during exercise with regional differences, sex,

and exercise training. Eur. J. Appl. Physiol. 117:1317–1327.

Bovell, D. 2015. The human eccrine sweat gland: structure,

function and disorders. J. Local Glob. Heal. Sci. 2015:5.

Brenner, I., P. Shek, J. Zamecnik, and R. Shephard. 1998.

Stress hormones and the immunological responses to heat

and exercise. Int. J. Sports Med. 19:130–143.

Brown, M. B., K. K. V. Haack, B. P. Pollack, M. Millard-

Stafford, and N. A. McCarty. 2011. Low abundance of sweat

duct Cl- channel CFTR in both healthy and cystic fibrosis

athletes with exceptionally salty sweat during exercise. Am.

J. Physiol. Regul. Integr. Comp. Physiol. 300:R605–R615.
Buono, M. J., K. D. Ball, and F. W. Kolkhorst. 2007. Sodium

ion concentration vs. sweat rate relationship in humans. J.

Appl. Physiol. 103:990–994.

Buono, M. J., R. Claros, T. Deboer, and J. Wong. 2008. Na+
secretion rate increases proportionally more than the Na+
reabsorption rate with increases in sweat rate. J. Appl.

Physiol. 105:1044–1048.

Collins, K. J., and J. S. Weiner. 1968. Endocrinological aspects

of exposure to high environmental temperatures. Physiol.

Rev. 48:785–839.
Convertino, V. A., L. C. Keil, and J. E. Greenleaf. 1983. Plasma

volume, renin, and vasopressin responses to graded exercise

after training. J. Appl. Physiol. 54:508–514.

Cotter, J. D., M. J. Patterson, and N. A. S. Taylor. 1995. The

topography of eccrine sweating in humans during exercise.

Eur. J. Appl. Physiol. 71:549–554.
Darrow, C. W. 1964. The rationale for treating the change in

galvanic skin response as a change in conductance.

Psychophysiology 1:31–38.

Few, J. D., P. J. W. Wallis, and V. H. T. James. 1986. The

relationship between salivary aldosterone and plasma free

aldosterone concentrations. Clin. Endocrinol. (Oxf) 24:119–
126.

Francesconi, R. P. 1988. Endocrinological responses to exercise

in stressful environments. Exerc. Sport Sci. Rev. 16:255–284.

Freund, B. J., E. M. Shizuru, G. M. Hashiro, J. R. Claybaugh,

and G. M. Ha-shiro. 1991. Hormonal, electrolyte, and renal

responses to exercise are intensity dependent. J. Appl.

Physiol. 70:900–906.

Gagge, A. P., and Y. Nishi. 2011. Heat exchange between

human skin surface and thermal environment. Pp. 69–92 in

D. H. K. Lee. Handbook of physiology. Waverly Press,

Baltimore, MD.

Harvey, B. J., and M. Higgins. 2000. Nongenomic effects of

aldosterone on Ca2 + in M-1 cortical collecting duct cells.

Kidney Int. 57:1395–1403.

Havenith, G., A. Fogarty, R. Bartlett, C. J. Smith, and V.

Ventenat. 2008. Male and female upper body sweat

distribution during running measured with technical

absorbents. Eur. J. Appl. Physiol. 104:245–255.

Hegarty, J. M., and B. J. Harvey. 1999. Aldosterone rapidly

accelerates a Na+ -H+ exchange dependent pH recovery

after acid loading in cultured human eccrine sweat gland

epithelial cells. J. Physiol. 517P:20P.

Hew-Butler, T., T. D. Noakes, S. J. Soldin, and J. G. Verbalis.

2010. Acute changes in arginine vasopressin, sweat, urine

and serum sodium concentrations in exercising humans:

does a coordinated homeostatic relationship exist? Br. J.

Sports Med. 44:1710–1715.
Hopkins, W. G., S. W. Marshall, A. M. Batterham, and J. Hanin.

2009. Progressive statistics for studies in sports medicine and

exercise science. Med. Sci. Sports Exerc. 41:3–12.

Inoue, Y., M. Nakao, H. Ishizashi, J. Tsujita, and T. Araki.

1998. Regional differences in the Na + reabsorption of sweat

glands. Appl. Hum. Sci. 17:219–221.
Machado-Moreira, C. A., E. Edkins, A. S. Iabushita, P.

Maruca, and N. A. S. Taylor. 2009. Sweat gland

recuitment following thermal and psychological stimuli.

In 13th International Conference of Environental

Ergonomics.

Manolopoulou, J., P. Mulatero, C. Maser-Gluth, P. Rossignol,

A. Spyroglou, Y. Vakrilova, et al. 2009. Saliva as a medium

for aldosterone measurement in repeated sampling studies.

Steroids 74:853–858.

Melin, B., N. Koulmann, C. Jimenez, G. Savourey, J. C.

Launay, J. M. Cottet-Emard, et al. 2001. Comparison of

passive heat or exercise-induced dehydration on renal water

and electrolyte excretion: the hormonal involvement. Eur. J.

Appl. Physiol. 85:250–258.

Nadel, E. F., R. W. Bullard, and J. A. J. Stolwijk. 1971.

Importance of skin temperature in regulation of sweating. J.

Appl. Physiol. 31:80–87.
Patterson, M. J., S. D. Galloway, and M. A. Nimmo. 2000.

Variations in regional sweat composition in normal human

males. Exp. Physiol. 85:869–875.

Reddy, M. M., and P. M. Quinton. 1994. Rapid regulation of

electrolyte absorption in sweat duct. J. Membr. Biol. 140:57–

67.

Reddy, M., and P. Quinton. 2003. Functional interaction of

CFTR and ENaC in sweat glands. Pfl€ugers Arch – Eur. J.

Physiol. 445:499–503.

2018 | Vol. 6 | Iss. 5 | e13619
Page 12

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Sweat Glands Maximum Ion Reabsorption Rate N. Gerrett et al.



Reddy, M. M., and M. J. Stutts. 2013. Status of fluid and

electrolyte absorption in cystic fibrosis. Cold Spring Harb.

Perspect Med. 3:a009555.

Robert Mcvie, L., and M. N. Levine. 1979. The biologic

significance of the aldosterone concentration in saliva.

Pediatr. Res. 13:755–759.
Sato, K. 1977. The physiology, pharmacology, and

biochemistry of the eccrine sweat gland. Rev. Physiol.

Biochem. Pharmacol. 79:51–131.

Sato, K., W. H. Kang, K. Saga, and K. T. Sato. 1989. Biology

of sweat glands and their disorders. II. Disorders of sweat

gland function. J. Am. Acad. Dermatol. 20:713–726.
Senay, L. C. J. 1968. Relationship of evaporative rates to serum

[Na+], [K+], and osmolarity in acute heat stress. J. Appl.

Physiol. 25:149–152.

Shamsuddin, A. K. M., T. Kuwahara, A. Oue, C. Nomura,

S. Koga, Y. Inoue, et al. 2005a. Effect of skin

temperature on the ion reabsorption capacity of sweat

glands during exercise in humans. Eur. J. Appl. Physiol.

94:442–447.
Shamsuddin, A. K. M., S. Yanagimoto, T. Kuwahara, Y.

Zhang, C. Nomura, and N. Kondo. 2005b. Changes in the

index of sweat ion concentration with increasing sweat

during passive heat stress in humans. Eur. J. Appl. Physiol.

94:292–297.

Smith, C. J., and G. Havenith. 2011. Body mapping of

sweating patterns in male athletes in mild exercise-induced

hyperthermia. Eur. J. Appl. Physiol. 111:1391–1404.
Smith, C. J., and G. Havenith. 2012. Body mapping of

sweating patterns in athletes: a sex comparison. Med. Sci.

Sports Exerc. 44:2350–2361.
Stolwijk, J. A., and J. D. Hardy. 1966. Partitional calorimetric

studies of responses of man to thermal transients. J. Appl.

Physiol. 21:967–977.

Taylor, N. A., and C. A. Machado-Moreira. 2013. Regional

variations in transepidermal water loss, eccrine sweat gland

density, sweat secretion rates and electrolyte composition in

resting and exercising humans. Extrem. Physiol. Med. 2:4.

Thomas, P. E., and I. M. Korr. 1957. Relationship between

sweat gland activity and electrical resistance of the skin. J.

Appl. Physiol. 10:505–510.
Yoshida, T., H. Shin-ya, S. Nakai, A. Yorimoto, T. Morimoto,

T. Suyama, et al. 2006. Genomic and non-genomic effects of

aldosterone on the individual variation of the sweat Na+
concentration during exercise in trained athletes. Eur. J.

Appl. Physiol. 98:466–471.

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
The Physiological Society and the American Physiological Society.

2018 | Vol. 6 | Iss. 5 | e13619
Page 13

N. Gerrett et al. Sweat Glands Maximum Ion Reabsorption Rate


