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The Effect of Volume of Consumed Water on 
Drinking-Induced Sweating and Plasma Levels of 
Arginine Vasopressin, Epinephrine and 
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T he purpose of this study was to inves
tigate the effect of the volume of con
sumed water on the sweating response 
and plasma levels of arginine vaso

pressin, epinephrine and norepinephrine in the 
first few minutes of drinking_ 
Materials and Methods: After 4 hours water 
deprivation, six healthy male medical students 
were exposed to heat and performed mild ex
ercise under an ambient temperature (2 hours, 
38-40°C, relative humidity<30%). Subjects were 
dehydrated by sweating. They were then 
allowed to drink water with volumes of 1, 3, and 
5 ml/kg of body weight using three separate 
protocols. Sweat rate was measured by amount 
of sweat collected from the forehead area in 
grams during 3 minute periods before and after 
drinking_ Blood samples were drawn before heat 
exposure, before drinking and then every 3 
minutes up to the 15th minute after drinking. 
Results: Dehydration increased mean serum so
dium (p<O.OOl). Sweating increased markedly 
just after the onset of drinking (p<O.Ol) and was 
greater when consumed water was 5mljkg of 
body weight. The more the water volume con
sumed, the greater was the reduction in plasma 
arginine vasopressin 3 minutes after drinking. 
The reverse was true for plasma norepinephrine 
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(p<O.Ol), whereas plasma epinephrine was essen

tially unchanged by drinking. 

Conclusion: These data suggest that oropharyn

geal sensors that interfere with the activation of 

sweating response can also manipulate it by con

sumed water volume. Moreover, the amount of 

water received affected plasma arginine vaso

pressin and norepinephrine but not plasma epi

nephrine which suggests a drinking stimulated 

neural mechanism. 
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Introduction 
When the ambient temperature is above 

body temperature, radiation, conduction and 
convention all transfer heat into the body 
rather than out. The only mechanisms left to 
regulate body temperature are the evapora
tion of sweating from the skin and the evapo
rative cooling from exhaled moisture . In hot 
climates, a substantial volume of body water 
may be lost via sweating to enable evapora
tive cooling. One study has shown that dehy
drated humans in a warm environment begin 
to sweat within seconds to minutes after 
drinking. I Another study demonstrated that 
when dehydrated goats were allowed to drink 
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after 60 minutes of heat exposure, sweating 
began abruptly within 3 minutes of the start 
of drinking in every animal whether water or 
saline was drunk. 2 

A rapid inhibitory effect of fluid ingestion 
on thirst and vasopressin (VP) secretion has 
been documented in studies using water
deprived dogs as experimental subjects.) In
hibition of VP secretion occurred within 
minutes after drinking began, before substan
tial amounts of the ingested water had been 
absorbed. These findings suggest that the 
swallowing of fluid provides an early signal 
that inhibits VP secretion in dehydrated 
dogs.4

•
5 A similar conclusion regarding the 

control of VP secretion has been drawn from 
studies of human6

•
7 or nonhuman primates.8•

9 

Investigators also observed an increase in 
plasma norepinephrine (NE), which occurred 
immediately after onset of drinking which 
may suggest, as for arginine vasopressin 
(A VP), a drinking-stimulated neural mecha

. 10 n1sm. 

I 

The effects of volume of consumed water, 
following dehydration, on drinking induced 
sweating have not been yet studied. In the 
present study, we have tried to elucidate the 
effects of different volumes of water con
sumed following dehydration on the extent of 
sweating response and plasma levels of vaso
pressin, norepinephrine, and epinephrine 

Materials and Methods 

Subjects 
Six healthy male medical students (22-26 

(23.7±0.6) years old, weight: 80.7±5.7 kg, 
and height: 181±2 cm) participated in this 
study. They were physically active but did 
not routinely participate in sports or endur
ance exercise training, nor did they take fre
quent saunas. All volunteers were familiar
ized with all the experiment procedures and 
written informed consent was obtained 

Procedure 
Experiments started at 4 pm. Pretest In

structions included eating a light lunch, re

fraining from drinking any beverage since 12 
noon and abstaining from exercise on the day 
of an experiment. Before each experiment, 
subjects rested in the sitting position for 30 
minutes at a thermoneutral temperature 
(28°C). After 8 ml of blood were drawn by 
venipuncture as the first control sample, sub
jects entered an environmental chamber (38
40°C, <30% relative humidity) and their 
body weights were measured. Subjects per
formed mild physical activity by alternating 
10-minutes rest and 20-minutes exercise pe
riods for 60-minutes, and then exercise con
tinued for the last 30- minute period to in
duce a reduction in total body water through 
sweating. Air temperature inside the chamber 
was controlled at 39±1 °C and relative humid
ity was measured at being between 20-28% 
during the experiment. Total heat exposure 
time was 120 minutes and subjects were un
der constant observation for indications of 
any inability to tolerate the experimental 
conditions (e.g. elevated heart rate, nausea or 
confusion). 

After the cessation of exercise, subjects 
dried their body with a towel, were weighed, 
and then sat on chairs and dried their fore
heads . An indwelling cannula was inserted 
into a large superficial vein in the forearm to 
collect free-flowing blood samples. Second 
control blood sample was drawn through the 
caimula. The first control blood sample com
parest the plasma concentrations of sodium, 
arginine vasopressin (PA VP), epinephrine 
(PE) and, norepinephrine (PNE) pre and post 
heat exposure while the second control blood 
sample was considered as a control to com
pare values before and after drinking. 

Sweat rate was measured before drinking 
for 3 minutes as a control, and then subjects 
were allowed to drink tap water at the vol
umes of 1,3 , and 5 mllkg of body weight us
ing three protocols. Blood samples (8 ml) 
were drawn through the indwelling cannula 
at the start of drinking (0 minute) and at 3, 6, 
9, 12, and 15 minutes after drinking. Each 
sample was immediately divided, so that 6 ml 
were collected in 3 chilled tubes containing 
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dry heparin for determination of PAVP, PE, 
and PNE, which after centrifugation for 15 
minutes at 1,000 g and 4°C, aliquots of 
plasma were frozen and stored at -70°C until 
the hormone assays were performed. The re
mainder of the blood sample (2 ml), which 
had been transferred to a simple tube, was 
used to determine the plasma concentration 
of sodium. 

Measurements 
Forehead sweat rate was chosen to repre

sent a localized area of sweating and was 
measured by the weight gain of a covered fil
ter paper disk (96 cm2

) placed on the skin 
over the forehead. The disks were enclosed in 
a waterproof tape to prevent evaporation. 
Each time, the disk was left on the skin for 3 

Water volume and drinking-induced changes 21 

minutes. The weight of a filter paper disk was 
obtained using EK-500 G beam balance, ac
curate to ±0.01 g. Body weight was measured 
using a Seca beam balance, accurate to ± 1 00 
g. Plasma sodium concentration was deter
mined by eppendorf flame photometry 
(model EFOX 5054, Instrumentation Labora
tory). Because sodium and its associated ani
ons account for about 94 percent of the solute 
in the extracellular compartment, plasma os
molality could be roughly approx.imated as: P 
PQsm = 2.1 x Plasma sodium concentration. 
[PA VP], [PE], and [PNE] values were deter
mined by radioimmunoassay (A VP-RIA Kit, 
Webster, Texas and Norepinephrine/ Epi
nephrine-RIA Kit, KatCombi), from the sam
ples mentioned above. 

Table 1. Effect of 2-hour heat exposure followed by water drinking with different volumes on plasma 

osmolality and plasma levels of arginine vasopressin, norepinephrine, and epinephrine 

Pre-heat Post-heat Start of After drinking 

exposure exposure drinking 

-120 min -3 min omin 3 min 6 min 9 min 12 min 15 min 

Drinking 1 mUkg body weight 

Posm (mos
302±0.6 

mollkgH2) 

PAVP (pglmL) 2.02±0.07 

PNE (pglmL) 215±19 

PE (pg/mL) 39.S±4.0 

Drinking 3ml/kg body weight 

Posm (mosmol I 
305±5±1.0 

kg H2O) 

PAVP (pg/mL) 2.03±0.03 

PNE (pg/mL) 211±15 

PE (pg/mL) 40.3±3.7 

Drinking 5m11kg body weight 

(mosmolPOS1Tl 
30S.3±0.6 

Ikg H2O) 

PAVP (pg/mL) 1.90±0.07 

PNE (pg/mL) 209±13 

PE (pglmL) 37.2±3.0 

309± 1.0 309A±0.9 309±1.0 309±IA 30S.7±IA 307A±IA 3066± 1.5 

2.SS±0.12 2.SS±0.OS 2A9±O.07t 2AO±0.09 2.02±0.07 2.0l±0.07 1.99±0.07 

310±13 304±21 339±11 316±24 247±14 227±13 213±13 

90.7±13 SS±3.6 S7.7±2A S3.S±4.9 69.3±5.3 52±5.7 4S.2±3.6 

317.1±I.S 317A±1.6 317.S±2.1 317.S±20 316.7±2.1 3163±1.7 316.2±11 

2.97±0.07 29S±0.07 2.37±0.OSt 2.34±0.09 2.03±0.09 2.04±0.07 1.9S±00S 

296±17 292±13 378±20t 349±14 253±IS 212±15 213=14 

73.2±4.0 n.3±6.2 n.5±5.2 69.2±4A 60.3±4.S 4S.S±3.9 45.2±2.0 

3l2.9±0.S 313.2±IA 3129±OS 31 J.S± 1.0 3 I l.5± 1.5 311.2± 1.7 310.5±I.S 

2.9S±0.09 3.01±0.07 2.13±0.OSt 210±0.09 J.90±0.07 1.S5±0.06 I.S0±0.07 

324±17 319±16 46S±ISt 3SS±19 273±19 227±13 222±lS 

78.2±2.7 78.2±I.S 76.S±2.3 n.5±3.2 6S.3±4.3 54.2±4.8 4S.5±2.1 

Values are means±SE. 

pOSIll: plasma osmolalityY PAVP: plasma arginine vasopressin; PNE: plasma norepinephrine; PE: plasma epinephrine 

* Values obtained in -120 minutes are baseline levels for the minute of -3 while 0 minute acts as baseline fcirthe values 
coming afterwards; -r P<0.0041 and t P< 0.01 compared to baseline. 

-r \. 
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Plasma A VP (P A VP) was extracted using 
the Sep-Pack C18 cartridge. 1.0 ml plasma 
sample was acidified with 150 ILl 1 N HCL 
which was then brought into the column. The 
column was washed with 20 ml 4% acetic 
acid. Elution was performed with 4 ml 
methanol. The methanol was then evaporated 
to dryness under air. Finally, the dried sam
ples were made using 1.0 ml of assay buffer. 
The assay sensitivity was 0.5 pg/rnL and the 
intra-assay variations were <10%. 

Plasma norepinephrine (PNE) and epineph
rine (PE) were extracted using extraction 
buffer and 0.05 N HCL. The intra-assay coef
ficients of variance were 4.7% and 4.6% and 
the detection limits were 10 pg/rnL and 3 
pg/rnL for NE and E, respectively. 

Statistical analysis 
Data were analyzed by SPSS software, us

ing one-way analysis of variance. The Paired
sample t Test was used for within-group 
comparisons between control values and the 
values obtained after drinking. The variations 
in data were expressed in terms of the esti
mated 95% confidence interval of the indi

325 

5' 
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vidual differences relative to the mean of the 
repeated measurements. Values of p<0 .05 
were considered statistically significant, and 
all data are presented as mean±SE. 

Results 

Effects ofheat exposure and exercise on 
plasma osmolality 

Heat exposure and the performance of ex
ercise significantly raised Posm in all subjects 
(p<O.Ol; Fig. I). After heat exposure,just 3 
minutes before the drinking, total mean Posm 
was increased to 312.2±1.2 mosmollkg H20 
from the baseline level of 304.8± 1.0 mos
mol/kg H20. As it is shown in the Table I, 
this was also significant for each of the three 
protocols. All subjects showed similar dehy
dration with losing 2.37±0.08% (24.3±1.2 
ml/kg water loss) of their respective preheat 
exposure body weight. There was significant 
difference between control and other condi
tions (p<O.O 1) but no significant difference 
after drinking at different times. 

co 
S 

/ !-+-f--t-~--i0 
E 315 

It/) 

0 I 
'--' 
a 

310 /~f - - -! - - - f -- - - -f-1 ----f.f' 
t;; 
-0 305 ~".' -"* -Drinking 1 rnl/kg b .W" t 

a 
<JJ ~ 
0 ___ - Drinking 3rnl/kg b.W' t 

a'" 
300 

<JJ 

295 ~ Drinking 5ml/kg b.w t
A:'" 12c -3 3 6 9 15 

TiITle (ITlin) 

Fig. 1. Changes in plasma osmolality pre and post heat exposure and after drinking. Significant differ
ences were observed for dehydrated (-3 minutes) and rehydrated conditions (3, 6, 9, 12, and 15 min
utes) with that of control (p<O.OI). Values are mean±SE in six subjects. 

International Journal of Endocrinology and Metabolism 

http:2.37�0.08


)f the 
<0.05 
t, and 

(In 

of ex
lbjects 
just 3 

tn Posm 

cg H20 
o mos
'able 1, 
1e three 
lr dehy
4.3±1.2 
preheat 
~ificant 

r condi
fference 

, t 

differ
min-

Water volume and drink ing-induced changes 23 

1.0 

. 9 

.8 

.7 

:§ .6 
Q) 

1§ 5 
ro 
~ 

(/) 

'1.3 

.2 

1 j
0.0 . . . . 

- .. - Drinking 1 m / kg b . VV t 

~ Drinking 3m/kg b .vv t 

~ - Drinking 5rrl/kg b . vv t 

c 3 6 9 12 15 18 

Time (min) 

Fig. 2. Effect of drinking water volume on sweat rate. Subjects started drinking at 0 minute. Signifi
cant differences were observed for all protocols just after drinking (p<O.Ol). This difference was great
est in water volume of Smllkg body weight. Values are mean±SE of six subjects. 

Effects ofdrinking water volumes on sweat
ing 

Table 2 and Fig. 2 show mean sweat rates 
(Msw) in three water volumes (l, 3, and 5 
ml/kg body weight). The increase in sweating 
response became evident immediately after 
drinking started and reached a maximum 
within 3 minutes (p<O.Ol). It then fell gradu
ally, becoming significant below baseline in 
the final stages (p<O.OOl). The extra sweat 
just after drinking high volume water (5 
ml/kg body weight) was the greatest. Ele
vated percentages ofMsw, 3 minutes after the 
onset of drinking were 51.6±3.7, 75 .5±3.9, 
and 79 . 7±3.1 % regarding the consumed order 
of the water volume, mentioned above. Com
parmg Msw within 3 minutes after drinking 
in the different consumed water volumes 
showed a significant difference between 1 
and 5 mllkg body weight (p<O.02), but there 
was no significant difference between 3 
mllkg body wei ght and others. 

Effects of water drinking on plasma vaso
pressin, epinephrine, and norepinephrine 

The 2-hour period of heat exposure and ex
ercise induced significant increases in plasma 
levels of A VP, epinephrine, and norepineph
nne (p<O.OO 1). These were 1.0±0.1, 
41.6±2.2, and 98.6±6.7 pg/mL, respectively 
(Figs. 3; 4, and 5) . Within 3 minutes follow
ing drinking, plasma AVP faced a significant 
decrease (p<O.OO I) being greater in 5 ml/kg 
body weight consumed water. PAVP contin
ued to fall and reached preheat exposure lev
els by 9 minutes in all three protocols (Table 
1). Comparing plasma levels of AVP just 3 
minutes after drinking in the different water 
volumes consumed showed a significant dif
ference between volumes of 1 and 5 mllkg 
body weight (p<O.03). There was no signifi
cant difference, however, between I and 3 or 
between 3 and 5 mllkg body weight. 

Plasma levels of epinephrine increased sig
nificantly after heat exposure (p<O.OO 1) and 
remained approximately unchanged after 
drinking (Fig. 5). There was a significant in-
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Table 2. Effects of water volumes consumed on mean sweat rate 

Msw before Msw After drinking (g) 
drinking {g} 

Water volume -3 min 3 min 6 min 9 min 12 min IS min 18 min 

ImlJkg b.wt OAO±O.04 O.60±O.OS* O.37±O.O2 O.30±O.O2 O.26±O.O2 O.21±O.O3 O.18±O.O3 

3mllkg b .wt O.36±O.O4 O.63±O.OS* O.37±O.O4 O.2S±O.02 O.20±O.O2 O.17±O.O2 O.IS±O.02 

SmlIkg b.wt OA8±O.02 O.88±O.O3* O.SS±O.02 O.39±O.O3 O.3S±O.03 O.31±O.O3 O.28±O.O3 

Values are means±SE. 

Msw: Mean sweat rate; b.wt: body weight 

* Significantly different from baseline (p<O.OI) 
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Fig. 3. Effect of consumed water volume on plasma levels of AVP following dehydration. Subjects 
started to drink at 0 time which is considered as control. There was a significant increase between be
fore (-120 minutes) and after (-3 minutes) heat exposure for all protocols (p<O.OOl). Values are 
mean±SE of six subjects. 
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Fig. 4. Effect of consumed water volume on plasma levels of norepinephrine. Subjects started to 
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drinking in consumed water volumes of 3 and Smllkg b.wt (p<O.Ol) but this increase was not signifi
cant in volume of Iml/kg b.wt. Values are mean±SE of six subjects. 
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crease in plasma NE within 3 minutes after 
fl drinking, in consumed water volumes of 3 
1 and 5 ml/kg body weight (p<O.OI) but this 
J accretion was not significant in volume of 1 

mllkg body weight. Three minutes after the 
onset of drinking, PNE increased by 
12.l±5.1, 29.6±5.2, and 49.2±3.9% in con- sumed water volumes of 1, 3, and 5 mllkg 
body weight, respectively. The difference be
tween 1 and 5 mllkg of body weight was sig
nificant (p<O.02), but there was no significant 
difference between 1 and 3 or between 3 and 
5 mllkg body weight. 

Discussion 
Previous studies have established what is 

called drinking-induced sweating in dehy
drated humans I and animals? In the present 
study we tested the effect of consumed water 
volume on the local sweating response fol
lowing heat exposure and mild exercise. 

Salata et al (1987) have demonstrated that a 
water temperature of 25°C has no significant 
effect on PAVP.6 Hence, by using water at 
room temperature we tried to avoid the effect 
of water temperature on PA VP and to inves
tigate the effect of volume per se. 

The results indicated that in the first 3 min
utes after drinking, local sweating is aggra
vated significantly for all three water vol
umes. This was transient and later on sweat
ing was gradually decreased. As for sweating 
response, it was more or less proportional to 
consumed water volume and became greater 
when water volume increased. These results 
elucidate that not only does the passing of 
water through the oropharynx and upper gas
trointestinal tract, but also its amount affect 
the post dehydration sweating response. 

Secretion of A VP has close association 
with Posm Four hours of water deprivation in
creased Posm and PA VP; both effects were 
then intensified by 2 hours of heat exposure. 
PAVP concentration started to fall signifi
cantly within 3 minutes of water intake for all 
volumes and reached pre-heat exposure lev
els by the 9th minute after drinking (Table 2 

and Fig. 3) . Although similar results have 
been reported by other researchers,3,II ,12 our 
results showed that the immediate changes in 
PAVP concentration were more prominent in 
higher volumes (p<O.03 when 5 ml/kg was 
compared with 1 ml /kg body weight) . At the 
same time, plasma osmolality was almost un
changed. This response, also reported by oth
ers ,s. i3 can be attributed to the delay in water 
absorption occurring simultaneously with the 
continuation of perspiration. 

PE and PNE were increased by dehydration 
but a clear dissociation in the relevant pro
files of changes occurred following drinking. 
PE was initially almost unchanged and then 
faced a gradual decrease, while PNE had an 
abrupt increase in the first 3 minutes fol
lowed by a sharp decrease. Similar results 
were also reported by Ghislaine et al 
(1996).1 3 Changes in consumed water volume 
affected PNE changes propOliionally, while 
no clear effect was evident in the case ofPE. 

The increase in PNE, which occurs inm1e
diately after drinking, considering A VP, may 
suggest, a drinking stimulated neural mecha
nism. However, this increase may be related 
to stomach distension. A reflex increase in 
sympathetic tone in response to stomach dis
tension has been shown repeatedly in con

. 1 . 14- 19tro IIed 1 b a oratory al1lma expenments. 
In summary, we have shown that changing 

the volume of water alters the sweating re
sponse to drinking in dehydrated hypeliher
mic men. Drinking water volume had a posi
tive effect on sweating response, i.e the more 
water volume consumed, the more was 
sweating response. PAVP, PNE and PE all of 
which increase by dehydration respond dif
ferently to drinking; P A VP decreases, PNE 
initially increases and then decreases , while 
PE shows no significant change for 6 minutes 
and then starts to decrease. Resul ts also dem
onstrated that drinking increased volumes of 
water caused a greater decrease in PA VP 
and a greater increase in PNE, whereas PE 
was not affected. 
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It is concluded that the oropharynx and up
per GI appear to have a receptor system that 
can discriminate between the volumes of 
consumed water. This factor in tum takes 
part in the integrated response of sweating 
following drinking. 

In order to determine the location of recep
tor which trigger a neuronal reflex, leading to 
alterations in sweating and relevant hormonal 
secretion, we suggest the use of nasoe
sophageal and nasogastric tubes to introduce 
water selectively and the study of these 
changes in dehydrated men. The central loca
tions and neurotransmitters involved in this 
reflex can be further clarified by designing 
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