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The purpose of the present study was to investigate the possible regulation of plasma fatty acids by an acute isotonic-

isooncotic central volume expansion. We measured the levels of nonesterified fatty acids (NEFA) in plasma from 12 essential

hypertensive patients subjected to water immersion (WI). Central hypervolemia by WI over 2 hours caused the levels of most

NEFA to increase, concomitantly with a marked natriuretic and kaliuretic response. With respect to baseline values, serum

insulin levels did not change during WI, while there was a profound suppression of plasma renin activity (PRA) and plasma

aldosterone. In addition, when individual NEFA percent increase was expressed as a function of salt-sensitivity index

(calculated as the change in mean arterial pressure [MAP] divided by the change in urinary sodium excretion rate), a greater

percent increase in stearic acid (r � .72, P < .009), palmitic acid (r � .83, P < .001), and palmitoleic acid (r � .58, P < .048) was

found during WI in those hypertensive subjects showing higher salt-sensitivity index. Thus, by demonstrating that an acute

isotonic-isooncotic volume expansion may induce a significant increase of most NEFA plasma levels, we suggest that volume

expansion per se could be included among the well-recognized risk factors for cardiovascular morbid events.

Copyright 2003 Elsevier, Inc. All rights reserved.

THE SALT-SENSITIVE state of hypertension has been
recently identified as an independent cardiovascular risk

factor in both normotensive1 and hypertensive subjects.2,3 Dys-
lipidemia, with elevated serum nonesterified fatty acids
(NEFA), often coexists with insulin resistance and hyperinsu-
linemia in subjects with cardiovascular disorder,4,5 and an
association between salt sensitivity and insulin concentration
has also been suggested in patients with hypertension.6,7

Salt-sensitive individuals are also characterized by a modest
degree of extracellular fluid volume (ECFV) expansion,8 and it
has been demonstrated that ECFV expansion by isotonic saline
loads may increase plasma concentration of most NEFA in
hypertensive subjects.9

Whether the mechanism by which isotonic saline infusion
affects fatty acids plasma levels is related either to NaCl
administration or is directly mediated by volume expansion per
se has not been previously elucidated.

Water immersion (WI) to the neck induces an isotonic-
isooncotic volume expansion without resorting to exogenous
fluid infusion; hemodynamic and humoral effects are similar to
those obtained during intravenous (IV) short-term isotonic sa-
line administration.10

The aim of our study was to investigate the actual role of
central blood volume expansion per se, induced by head-out

WI, in mediating changes in the plasma concentration of NEFA
in hypertensive subjects evaluated for their salt sensitivity.

MATERIALS AND METHODS

Twelve uncomplicated, hypertensive, but otherwise healthy, subjects
(9 men, 3 women) ranging in age from 20 to 46 years, body weight,
74 � 3 kg, were entered into the study after informed consent had been
obtained, and the protocol had been approved by our institutional
Ethical Committee.

Each hypertensive subject had an outpatient diastolic blood pressure
measurement by conventional sphygmomanometry in excess of 95 mm
Hg (seated posture), with the arm in the horizontal position, after 5
minutes of quiet sitting, on at least 3 occasions documented for at least
3 months before the study and had never received any antihypertensive
treatment. The patients had no major symptoms or signs of target organ
damage, nor did they have other major diseases besides hypertension;
renal disease was excluded by documenting a normal urinalysis and
creatinine clearance. The study was performed under outpatient con-
ditions.

Experimental Protocol

The patients were instructed to follow a diet of approximately 200 to
220 mmol sodium and 60 mmol potassium daily; this closely paralleled
their usual sodium and potassium intake. After complying with this diet
for 7 days, the subjects were allowed entry into the study. Blood
pressure and 24-hour urinary sodium and potassium were all monitored
for the last 3 days of the study period.

WI Study

On day 8, after the completion of the high-salt diet period, each
hypertensive subject was submitted to acute central volume expansion
by WI that was performed as previously described.11 Briefly, at 8 AM,
after an overnight fast and fluid deprivation (10 hours), an antecubital
vein was catheterized for blood sampling; the subjects voided, received
200 mL water to drink, then sat quietly outside the immersion tank for
2 hours at a room temperature between 26°C � 0.4°C and 27°C �
0.4°C (preimmersion study). The water load was repeated hourly
throughout the study. The subjects then stepped into the immersion
tank and sat on an adjustable chair with water to the neck at constant
temperature (34°C � 0.5°C) with their arms outside the tank in the
horizontal position; the subjects remained in the tank for 2 hours
(immersion study) and stepped out of it at hourly intervals to void
urine.
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Blood samples were drawn just before and after the WI test for
serum sodium, hematocrit, creatinine, plasma renin activity (PRA),
plasma aldosterone (PA), insulin, and plasma NEFA.

The hourly urine volumes were measured and the concentration of
sodium, potassium, and creatinine determined.

Both resting and WI arterial blood pressure were measured in the
seated posture with an automatic monitor Spacelabs (model 90207;
Redmond, WA) with the arm in the same position before and during
WI. Plasma samples were stored frozen at –20°C until assayed.

Assessment of Salt Sensitivity

According to a method previously described,12 the 12 hypertensive
patients were given a low-salt diet containing 30 mmol sodium per day
for 14 days; during the first 7 days, 190 mmol sodium chloride was
added to the daily intake. Total caloric intake was estimated to keep
body weight constant; throughout the study, compliance was assessed
by monitoring urinary sodium excretion for the last 3 days of each
study period.

At 7 AM on days 7 and 14, the patients rested in a quiet room; they
had fasted overnight and were hydrated by ingesting 300 mL water/h.
Systolic and diastolic blood pressures were measured in seated sub-
jects, after a 30-minute resting period, for 2 hours from 8 AM to 10 AM,
at 5-minute intervals, using the previously described oscillometric
technique. After the completion of low-salt diet period, blood samples
were drawn again for plasma NEFA determination.

As suggested by previous experience,13 a significant 10% or greater
decrease in mean arterial pressure (MAP) (the sum of diastolic and one
third pulse pressure), calculated as the difference between the average
of readings under the high- or low-salt periods, may be identified as a
salt-sensitive response, whereas a reduction in MAP � 10% is destined
as a salt-resistant response. Although this salt-sensitivity classification
is reproducible, its definition is variable, and it separates patients into
2 distinct groups.13,14

Finally, to assess the continuous distribution of salt sensitivity in our
subjects, we used the salt-sensitivity index, validated by comparison
with standard techniques for the assessment of cardiovascular risk3 and
calculated as the change in MAP divided by the change in urinary
sodium excretion rate, thus evaluating the effect that changes in sodium
intake have on blood pressure in each individual subject. WI and
salt-sensitivity tests were randomly assigned.

Laboratory Procedures

Plasma NEFA were extracted with the Dole solvent system, as
described by Parmelee at al.15 As reported by Goodfriend et al, 9 the
extraction procedure does not cleave triglycerides into measurable fatty
acids.

Half milliliter of plasma was added to 3.0 mL of a solvent mixture
consisting of 40 vol isopropyl alcohol, 10 vol n-heptane, and 1 vol 1 N
sulfuric acid. One milliliter distilled water was then added and the
solution mixed for 15 seconds; 1.5 mL n-heptane was added and the
solution again mixed for 15 seconds. Two separate phases were ob-
tained, the upper organic phase was then removed, placed in the same
type of tube, and the solvent removed at 35°C with a stream of
nitrogen.

The dried lipid mixture extracted was mixed with 500 �L of a
triethylamine solution (10 mg/mL in acetone) and with 500 �L of an
�-bromoacetophenone solution (10 mg/mL in acetone).16 The deriva-
tive fatty acids mixture was maintained overnight at room temperature.

Analyses were performed using a Spectra-Physics P 2000 (Thermo
Separation Products, Milan, Italy) high-performance liquid chromato-
graph (HPLC); 5 �L of the derivate fatty acids mixture was used for
analysis. Analyses were performed by gradient elution programmed
linearly from 85:15 acetonitrile-water over 25 minutes to 90:10 until
the end of the run, using a constant flow-rate of 1 mL/min. At the

beginning of every run, the column was equilibrated with phases to
85:15 (acetonitrile-water) for a 10-minute interval.

A Supelco (Milan, Italy) 250 � 4.5 mm column packed with 5 �m
octadecyl-bonded spherical silica was used for elution in HPLC; a
Supelco 20 � 4.5 mm column guard packed with 40 �m octadecyl-
bonded spherical silica was also used. Eluate was scanned at 242 nm
with a variable-wavelength ultraviolet detector. The solvents were
degassed under vacuum and maintained under 6 psi helium.

The integration was performed by the method of the outside stan-
dard: 1.5 �L of a single fatty acid standard (Sigma 99% of purity),
solved in acetone, injected before each sample of a given patient. Each
fatty acid peak integration was obtained by calculating the areas.
Integration phases and calculation of fatty acids concentrations were
performed using a Spectra-Physics PC 1000 software.

PRA, PA, and insulin were determined by radioimmunoassay. So-
dium and potassium levels were measured in serum and urine by
internal standard flame photometry; serum and urinary creatinine levels
were determined by a Technicon analyzer (Rome, Italy).

Statistics

Values were given as mean � SE. Statistical evaluation was per-
formed by Student’s t test for paired or unpaired values or, where
appropriate, by repeated measures analysis of variance; regression
analysis was by Pearson’s correlation coefficient. Differences were
considered to be significant at P � .05.

RESULTS

WI Study

Table 1 shows that the urinary sodium excretion (UNaV)
during the preimmersion period was 185 � 25 �mol/min in the
12 hypertensive subjects and reached a peak value of 397 � 31
�mol/min (P � .0001) during the second hour of WI. A
significant increase in urinary potassium excretion (UkV) was
also found in this group during WI (from 63 � 10 to 93 � 8
�mol/min, P � .002).

WI induced a significant decrease of PRA (from 0.47 � 0.08
to 0.08 � 0.03 ng/L/s, P � .001) and PA (from 1,109 � 139
to 499 � 55 pmol/L, P � .001).

No significant changes in hematocrit, creatinine clearance
(from 2.14 � 0.10 to 2.12 � 0.08 mL/s), serum insulin (from
111 � 43 to 97 � 50 pmol/L), and MAP (from 110 � 2 to
111 � 2 mm Hg) were found during WI.

As compared with baseline values, there was a significant
increase in the individual plasma NEFA concentration when
the 12 hypertensive subjects underwent WI at high-salt intake.

Table 1. Urinary and Hormonal Parameters in 12 Hypertensive

Subjects Undergoing WI

Variable CP WI

UNaV (�mol/min) 185 � 25 397 � 31*
UKV (�mol/min) 63 � 10 93 � 8†
Creatinine clearance (mL/s) 2.14 � 0.10 2.12 � 0.08
Insulin (pmol/L) 111 � 43 97 � 50
PRA (ng/L/s) 0.47 � 0.08 0.08 � 0.03‡
Plasma aldosterone (pmol/L) 1109 � 139 499 � 55‡

NOTE. Values are the mean � SE.
Abbreviations: CP, control period; WI, water immersion.
Significant differences from CP are shown:
*P � .0001; †P � .002; ‡P � .001.
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Among the major plasma NEFA, oleic acid (18:1) increased
from 205 � 35 to 488 � 110 �mol/L, P � .009 (increase of
140%), linoleic acid (18:2 n-6) from 86 � 14 to 143 � 36
�mol/L, P � .04 (increase of 67%), arachidonic acid (20:4 n-6)
from 16 � 2 to 30 � 3 �mol/L, P � .001 (increase of 80%),
palmitoleic acid (16:1) from 24 � 4 to 55 � 12 �mol/L, P �
.006 (increase of 133%), palmitic acid (16:0) from 148 � 23 to
371 � 59 �mol/L, P � .001 (increase of 150%), and stearic
acid (18:0) from 77 � 14 to 183 � 28 �mol/L, P � .001
(increase of 136%) (Fig 1).

Salt-Sensitivity Test

MAP (from 111 � 2 to 97 � 1 mm Hg, P � .001) markedly
decreased under the low-salt diet in the salt-sensitive subjects,
but was only slightly affected in the salt-resistant hypertensives
(from 108 � 2 to 107 � 2 mm Hg, P � not significant [NS]).
In comparison to high-dietary sodium chloride, no significant
effect on the individual fatty acids was found in the hyperten-
sive subjects undergoing low-salt intake (data not shown).

When individual NEFA percent increase was expressed as a

Fig 1. Individual NEFA be-

havior during WI with respect to

control period (CP) in 12 hyper-

tensive subjects.

Fig 2. Relationship between

percent increase of plasma

stearic acid and salt-sensitivity

index in 12 hypertensive sub-

jects undergoing WI.
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function of salt sensitivity (quantified by the salt-sensitivity
index), a greater percent increase in stearic acid (r � .72, P �
.009) (Fig 2), palmitic acid (r � .83, P � .001) (Fig 3), and
palmitoleic acid (r � .58, P � .048) (Fig 4) was found during
WI in those hypertensives showing a higher salt-sensitivity
index.

DISCUSSION

In the experiments described in the present study, human
hypertensive subjects responded to an acute central hypervol-
emia by WI with an increase in urinary sodium excretion and
NEFA plasma levels associated with no significant changes in

Fig 3. Relationship between

percent increase of plasma

palmitic acid and salt-sensitivity

index in 12 hypertensive sub-

jects undergoing WI.

Fig 4. Relationship between

percent increase of plasma

palmitoleic acid and salt-sensi-

tivity index in 12 hypertensive

subjects undergoing WI.
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serum insulin and a profound suppression of PRA and PA. This
is, to our knowledge, the first report showing that an acute
isotonic-isooncotic central volume expansion per se may have
a role in modulating plasma NEFA changes in hypertensive
subjects.

What is the mechanism by which volume expansion per se
might affect NEFA? The best recognized regulators of plasma
NEFA are catecholamines and insulin17; catecholamines may
elevate plasma fatty acids levels by stimulating hormone-sen-
sitive lipases, while insulin inhibits fatty acid formation by
lipases and accelerates esterification of fatty acids to form
triglycerides. In a recent report,9 it has been demonstrated that
acute volume expansion by IV saline infusion in hypertensive
patients caused the average plasma level of norepinephrine to
increase along with fatty acid plasma levels. Furthermore,
because high-salt diet caused plasma norepinephrine to de-
crease in the same subjects not classified for salt sensitivity, the
investigators concluded that an increase in catecholamines is
unlikely to have been a predominant cause in determining fatty
acids increase with salt loads. On the other hand, although
plasma catecholamine levels were not determined in the present
study, it has been previously suggested that a subset of patients
with the so-called salt-sensitive essential hypertension may
have impaired suppressibility of plasma norepinephrine levels
during high-sodium intake.18

Acute volume expansion by saline infusion is known to
provoke a significant decrease in plasma insulin,9 which, by an
antilypolytic action, lowers the plasma concentration of NEFA.
On the other hand, no significant correlation between the 2
variables (serum insulin and NEFA) was observed in hyperten-
sive subjects undergoing IV isotonic saline infusion, and a
more recent study19 was not able to demonstrate a significant
suppression of serum insulin during IV saline administration in
normal volunteers. In addition, in the present study, no signif-
icant changes in serum insulin were found in hypertensive
subjects submitted to WI. Thus, serum insulin modifications do
not fully explain the increase in NEFA in response to volume
expansion.

Despite a concomitant increase in urinary sodium excretion
and plasma individual NEFA, no significant correlation be-
tween these 2 variables was found during WI in hypertensive
subjects; therefore, our data do not support the concept that an
increase in plasma fatty acids may constitute a physiologic
mechanism contributing to salt and water balance. Although
our study also showed that NEFA increased when plasma
aldosterone decreased during WI, the present data cannot con-
firm previous results showing a significant inverse correlation
between the 2 variables.9

We have been unable to find any published evidence on
fluctuations in other hormones affecting NEFA levels including
corticotropin, glucagon, adrenal glucocorticoids, and thyroxine,
and a previous report20 denied any effect of atrial natriuretic
peptide (ANP), which is consistently released during WI, on
plasma NEFA.

Whatever the mechanism mediating the increase in NEFA
levels during WI, another finding of our study was that in
hypertensive patients, salt-sensitivity index during WI dis-
played a significant direct correlation with the percent increase
of some individual NEFA such as stearic, palmitic, and palmi-
toleic acid. In fact, our data would demonstrate that when
submitted to central volume expansion by WI, the hypertensive
subjects with higher salt-sensitivity index may present a greater
percent increase in NEFA plasma levels.

The salt sensitivity of essential hypertension is characterized
by a modest degree of volume expansion due to a long-standing
tendency to sodium retention and, along with other volume-
expanded conditions, such as primary aldosteronism,21 diabe-
tes, and obesity, it is associated with increased risk factors for
atherosclerotic cardiovascular disease. In particular, a linkage
between salt sensitivity and insulin resistance has been sug-
gested,22,23 and insulin resistance has been considered as one of
the important atherosclerotic cardiovascular risk factors, be-
cause the lowering effect exerted by insulin on NEFA is im-
paired in insulin resistance.

Endothelial dysfunction is a common feature of both salt-
sensitivity and insulin-resistant states, and increased free fatty
acids can acutely produce endothelial dysfunction in healthy
humans.24 In addition, it has been recently demonstrated that
dyslipidemia and indices of a high intake of saturated and
monounsaturated fats, as shown in salt-sensitive hypertension
and insulin-resistant states, predicted the prevalence of left
ventricular hypertrophy (LVH) in a prospective longitudinal
cohort study, thereby suggesting that fatty acids may be im-
portant in the origin of LVH,25 an important risk factor for
cardiovascular mortality and morbidity.26

Finally, 2 epidemiologic studies27,28 reported that intake of
individual saturated fatty acid (stearic, palmitic, lauric, and
myristic) showed a high correlation with mortality from coro-
nary heart disease, and dietary intervention studies also re-
ported that stearic acid increased plasma/serum lipoprotein (a)
concentrations29 and activated coagulation factor VII.30

In summary, by demonstrating that an acute isotonic-isoon-
cotic central volume expansion may induce a significant in-
crease of most NEFA plasma levels, we suggest that volume
expansion per se could be included among the well-recognized
risk factors for cardiovascular morbid events.
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