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Key points

� Recent studies have shown that some of the deleterious effects of a high-salt (HS) diet are
independent of elevated blood pressure and are associated with impaired endothelial function.

� Increased generation of cyclo-oxygenase (COX-1 and COX-2)-derived vasoconstrictor factors
and endothelial activation may contribute to impaired vascular relaxation during HS loading.

� The present study aimed to assess the regulation of microvascular reactivity and to clarify the
role of COX-1 and COX-2 in normotensive subjects on a short-term HS diet.

� The present study demonstrates the important role of COX-1 derived vasoconstrictor
metabolites in regulation of microvascular blood flow during a HS diet.

� These results help to explain how even short-term HS diets may impact upon microvascular
reactivity without changes in blood pressure and suggest that a vasoconstrictor metabolite of
COX-1 could play a role in this impaired tissue blood flow.

Abstract The present study aimed to assess the effect of a 1-week high-salt (HS) diet on the role of
cyclo-oxygenases (COX-1 and COX-2) and the vasoconstrictor prostaglandins, thromboxane A2

(TXA2) and prostaglandin F2α (PGF2α), on skin microcirculatory blood flow, as well as to detect its
effect on markers of endothelial activation such as soluble cell adhesion molecules. Young women
(n = 54) were assigned to either the HS diet group (N = 30) (�14 g day–1 NaCl ) or low-salt (LS)
diet group (N = 24) (<2.3 g day–1 NaCl ) for 7 days. Post-occlusive reactive hyperaemia (PORH) in
the skin microcirculation was assessed by laser Doppler flowmetry. Plasma renin activity, plasma
aldosterone, plasma and 24 h urine sodium and potassium, plasma concentrations of TXB2 (stable
TXA2 metabolite) and PGF2α, soluble cell adhesion molecules and blood pressure were measured
before and after the diet protocols. One HS diet group subset received 100 mg of indomethacin
(non-selective COX-1 and COX-2 inhibitor), and another HS group subset received 200 mg of
celecoxib (selective COX-2 inhibitor) before repeating laser Doppler flowmetry measurements.
Blood pressure was unchanged after the HS diet, although it significantly reduced after the LS
diet. Twenty-four hour urinary sodium was increased, and plasma renin activity and plasma
aldosterone levels were decreased after the HS diet. The HS diet significantly impaired PORH
and increased TXA2 but did not change PGF2α levels. Indomethacin restored microcirculatory
blood flow and reduced TXA2. By contrast, celecoxib decreased TXA2 levels but had no significant
effects on blood flow. Restoration of of PORH by indomethacin during a HS diet suggests an
important role of COX-1 derived vasoconstrictor metabolites in the regulation of microvascular
blood flow during HS intake.
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Introduction

It is well accepted that high-salt (HS) intake is an essential
risk factor in development and progression of hyper-
tension (Bragulat & de la Sierra, 2002; Drenjancevic
Peric et al. 2011), whereas a reduction in dietary sodium
decreases blood pressure (BP) in many patients with
essential hypertension (Cutler et al. 1997; Sacks et al. 2001).
Furthermore, numerous studies on experimental animals
have shown that changes in salt intake significantly alter
vascular reactivity to different physiological stimuli, in
conduit vessels and resistance arteries, as well as in the
microcirculation (Drenjancevic Peric et al. 2003; Phillips
et al. 2004; Zhu et al. 2006), even in normotensive animals.
Some of the deleterious effects of a HS diet are independent
of elevated BP and may occur in normotensive
individuals (Weinberger, 2002) and are associated with
impaired endothelial function (Drenjancevic Peric et al.
2011).

However, the effects of acute salt loading on end-
othelial function and vascular reactivity in young healthy
individuals are still scarce and inconsistent. Some studies
have demonstrated that high dietary salt intake in young
healthy persons was associated with reduced vascular NO
bioactivity (Tzemos et al. 2008; Greaney et al. 2012; Liu
et al. 2012), whereas others failed to demonstrate such a
relationship (Stein et al. 1995; Higashi et al. 2001; Dishy
et al. 2003). Therefore, the mechanisms and the time
course by which a HS diet impacts upon the endothelium
are still unclear. Furthermore, in previous studies, the
focus was on conductance and resistance arteries as a
surrogate for the endpoint of coronary artery disease
(Tzemos et al. 2008; Greaney et al. 2012; Liu et al. 2012).
Because the earliest changes and final organ damage
in various pathological conditions occur in the micro-
circulation, it is essential to evaluate blood flow changes
specifically in the microcirculation. Animal studies have
shown that even a short-term HS diet significantly
impairs vascular function and alters the responses to
both vasoconstrictor and vasodilator stimuli in different
vascular beds in rats (Drenjancevic Peric et al. 2003;
Phillips et al. 2004; Zhu et al. 2006). This is associated
with overproduction of vasoconstrictor factors, such as

cyclo-oxygenase (COX)-derived thromboxane A2 (TXA2)
and/or prostaglandin F2α (PGF2α), which may contribute
to impaired vascular relaxation (Zhu et al. 2006).

Endothelial dysfunction precedes and underlies the
process of cardiovascular disease by promoting the
early and late mechanisms of atherosclerosis (Ross,
1999; Verma & Anderson, 2002). Different sets of cell
adhesion molecules (CAMs), such as selectins (E-selectin)
and immunoglobin superfamily members [intercellular
adhesion molecule-1 (ICAM-1) and vascular cell adhesion
molecule-1 (VCAM-1)], play important role in end-
othelial activation. Their soluble forms (sCAMs) are
detectable in serum and are considered to be markers of
endothelial cell activity or injury (Ross, 1999; Verma &
Anderson, 2002; Tadzic et al. 2013).

Although most studies have been conducted in males,
some evidence suggests that the classical risk factors for
cardiovascular disease may not apply to women, as they do
in the men, particularly in regard to coronary calcification,
diastolic heart failure and microvascular disease (Miller,
2010). Thus, a population of healthy young women was
included in present study to clarify the physiology and
pathophysiology of the female vascular system.

The present study aimed to determine the possible
role of COX enzymes (COX-1 and/or COX-2) in
the regulation of skin microvascular blood flow after
acute HS loading. In addition, we sought to determine
plasma concentrations of endothelium derived molecules
soluble ICAM (sICAM)-1, soluble VCAM (sVCAM)-1
and E-selectin in young healthy women as potential
biomarkers of endothelial activation during high dietary
salt intake.

Methods

Study population

Fifty-four young healthy female medical students
recruited by advertisement at the Faculty of Medicine
University Osijek participated in the present study.
Exclusion criteria included a history of hypertension,
coronary artery disease, diabetes, hyperlipidaemia, renal
impairment, cerebrovascular and peripheral artery

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society



J Physiol 593.24 High-salt diet and microvascular dysfunction 5315

disease. None of the subjects were taking oral contra-
ceptives or drugs that could affect the endothelium.
Written informed consent was obtained from each sub-
ject. The study protocol and procedures conformed with
the standards set by the latest revision of the Declaration
of Helsinki and were approved by the Ethical Committee
of the Faculty of Medicine, University of Osijek.

Study protocol

This was a randomized, one-side blinded and placebo-
controlled study. During the study, all subjects were
instructed to maintain a low-sodium diet, with an intake
of less than 2.3 g of salt per day (DASH eating plan; US
Department of Health and Human Services, 2006) for
7 days. Thirty participants comprising the HS diet group
were following a HS diet (intake of �14 g of NaCl every
day) for 7 days. Salt supplement was given in a form of a
NaCl tablet containing 5.85 g of NaCl, once in the morning
and once in the evening. The low-salt (LS) diet group
consisted of 24 participants given a placebo.

A venous blood sample was taken after 30 min resting
in supine position and a 24 h urine sample was collected
before and after each diet protocol. BP and heart rate
(HR) were measured at the beginning of each visit after
a 15 min rest in a seated position using a semi-automatic
oscillometric monitor (OMRON, Osaka, Japan). The final
values of BP and HR were the mean of three repeated
measurements. Body mass index (BMI) and waist-to-hip
ratio (WHR) were measured at each visit.

Assessment of skin microcirculatory blood flow

Microcirculatory blood flow was assessed by laser Doppler
flowmetry (LDF) (MoorVMS-LDF, Axminster, UK),
a non-invasive test that indicates changes in blood
flow during post-occlusive reactive hyperaemia (PORH)
following release of an occlusion of blood flow (Stewart
et al. 2004; Crakowski et al. 2006; Wright et al. 2006;
De Backer et al. 2007) as an indicator of endothelial
function. Measurements were performed in a warm
room (mean ± SD temperature = 23.5 ± 0.5°C). Data
collection started after 30 min of acclimatization to avoid
temperature-related changes in blood flow in subjects
resting in supine position and the probe and wire were
secured on place. The laser probe was attached to sub-
ject’s volar forearm skin 13–15 cm from the wrist. After
the 5 min baseline measurement, vascular occlusion was
induced by inflating a pneumatic cuff on the upper arm
to 30–50 mmHg above the systolic blood pressure (SBP).
Measurements were taken before, during, and after release
of 1 min occlusion. Figure 1 shows a representative plot of
the data obtained by LDF measurement (Fig. 1).

The role of COX-1 and COX-2 in modulating tissue
blood flow during dietary salt protocols

To investigate the role of the COX enzymes (COX-1 and
COX-2) in regulating tissue blood flow after dietary salt
manipulation, 100 mg of indomethacin (a non-selective
inhibitor of COX-1 and COX-2) was given to thirteen

Forearm skin microvascular blood flow expressed in arbitrary perfusion units (PU).
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Figure 1. LDF measurement of skin microvascular blood flow
Microcirculatory blood flow in a given time was expressed in arbitrary perfusion units and determined by software
calculating the area under the curve (AUC) during baseline flow, occlusion and reperfusion (AUC is denoted by the
shaded portions of the trace). Because the flow does not reach the value of zero even when perfusion is absent,
flow values are expressed as a quotient of a standard comparator – baseline flow. The final result was expressed
as the difference between the quotients of flow change during reperfusion and occlusion in relation to baseline
(�R-O). Source: original trace, Laboratory for Vascular Physiology, Department of Physiology and Immunology,
Faculty of Medicine, Josip Juraj Strossmayer University of Osijek).
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participants from the HS diet group over 90 min (Ivancev
et al. 2009) and 200 mg of celecoxib (a selective inhibitor
of COX-2) was given to another ten participants from
the HS diet group over 180 min (Widlansky et al. 2003)
prior to repeated LDF measurement before and after the
HS diet protocol. Both indomethacin and celecoxib were
administered by oral pill.

Measurement of plasma COX-dependent
vasoconstrictor TXA2 and PGF2α levels

Because TXA2 has a half-life of only 37 s under physio-
logical conditions, the production of TXA2 in vivo
is typically monitored by measurement of TXB2 and
2,3-dinor TXB2. TXB2 is produced by the non-enzymatic
hydration of TXA2, and was shown to be stable (Stewart
et al. 2004). The plasma concentration of the stable
TXA2 metabolite, TXB2, was evaluated with a comercially
available enzyme immunoassay kit (11-dehydro-TXB2

ELISA Kit; ABNOVA Corp., Taipei City, Taiwan).
The plasma concentration of PGF2α was evaluated

using a comercially available enzyme immunoassay kit
(Prostaglandin F2α ELISA Kit; ABNOVA Corp.).

Laboratory testing

Blood samples were analysed for plasma electrolytes
(sodium and potassium), as well as urea and creatinine
levels. Twenty-four hour urine sample analyses for
sodium, potassium, urea, creatinine and albumin levels
were performed at the Department of Clinical Laboratory
Diagnostics, University Hospital Osijek. Plasma renin
activity (PRA) and plasma aldosterone concentrations
were measured at the Clinical Institute of Nuclear
Medicine and Radiation Protection, University Hospital
Osijek, using standard radioimmunoassay techniques.

Concentrations of the serum sCAMs ICAM-1, VCAM-1
and E-selectin

As endothelial activation markers, the serum concentra-
tions of sICAM-1, sVCAM-1 and soluble E-selectin
(sE-selectin) were assessed using commercially available
ELISA kits (Anti-Human CD54 ICAM-1; Anti-Human
CD106 VCAM-1; Anti-Human CD62E E-selectin;
eBioscience, Carlsbad, CA, USA). All measurements
were performed at the Laboratory for Molecular and
Clinical Immunology, Department of Physiology and
Immnunology, Faculty of Medicine University of Osijek.

Statistical analysis

All results are reported as the mean ± SD. Clinical
characteristics before and after specific diet protocols were
compared using a paired t test. The normality of data

Table 1. Arterial BP and HR of the study population

Before HS After HS Before LS After LS
Variable diet diet diet diet

SBP 105 ± 9 105 ± 10 105 ± 10 100 ± 9∗

DBP 71 ± 8 71 ± 7 69 ± 9 66 ± 7∗

MAP 82 ± 8 82 ± 8 81 ± 9 77 ± 7∗

HR 76 ± 10 71 ± 9∗ 74 ± 13 74 ± 14

Results are expressed as the mean ± SD.
∗P < 0.05 before vs. after HS diet (n = 30) or before vs. after LS
diet (n = 24).

distribution was assessed by the Kolmogorov–Smirnov
normality test. The Wilcoxon rank-sum test was used when
variables were not normally distributed. Student’s t test
was used to compare parameters between experimental
protocols. When variables were not normally distributed,
the Mann–Whitney rank sum test was used. When more
than two repeated measures were analysed, a one-way
repeated measures ANOVA test was used. For post test
multiple comparison analyses, the Holm–Sidak method
was used. P < 0.05 was considered statistically significant.
SigmaPlot, version 11.2 (Systat Software, Inc., Chicago, IL,
USA) was used for statistical analysis.

Results

Subject profiles

Fifty-four female subjects (mean ± SD age = 20 ± 2 years)
participated in the present study. There was no difference
in BMI (kg m–2) (LS diet 22.9 ± 3.6 vs. HS diet 22.1 ± 2.6,
P = 0.729) or WHR (WHR LS diet 0.73 ± 0.03 vs. HS
diet 0.73 ± 0.04, P = 0.732) between the two study
groups. All participants were normotensive before the diet
period. Systolic BP, diastolic blood pressure (DBP) and
mean arterial pressure (MAP) were similar and did not
change during the HS diet period, although they decreased
significantly after the LS diet protocol. HR was significantly
decreased after the HS diet but was not changed after the
LS diet protocol (Table 1).

Biochemical parameters

The plasma sodium level increased during the HS diet
protocol. The plasma creatinine level increased after
the LS diet. There were no other statistically significant
differences in baseline plasma electrolytes (potassium) or
in urea and creatinine concentrations before and after
either the LS or HS diet protocols. As expected, PRA and
plasma aldosterone levels increased after the LS diet and
decreased after the HS diet. Urinary sodium excretion rose
significantly after the HS diet, and fell as expected after the

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society
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Table 2. Biochemical parameters

Variable Before HS diet After HS diet Before LS diet After LS diet

24 h urine volume (mL) 1221 ± 796 1389 ± 980 1146 ± 593 1327 ± 580
24 h urine sodium (mmol dU–1) 126.8 ± 45.2 232.0 ± 91.4∗ 118.7 ± 56 82.6 ± 43.1∗

24 h urine potassium (mmol dU–1) 43.8 ± 13.8 43.8 ± 15.5 42.8 ± 16.3 39.8 ± 16.7
24 h urine urea (mmol dU–1) 10191 ± 2663 9675 ± 2871 10076 ± 2922 9713 ± 3443
24 h urine cretinine (μmol dU–1) 220 ± 58 224 ± 87 219 ± 77 196 ± 67
24 h urine albumine (dU–1) 4.6 ± 2.4 5.0 ± 3.7 8.4 ± 8.1 5.6 ± 6.3∗

Plasma sodium (mmol L–1) 137 ± 1∗ 138 ± 1 137 ± 2 137 ± 2
Serum potassium (mmol L–1) 4.6 ± 1.1 4.4 ± 0.5 4.7 ± 1.6 4.3 ± 0.4
Serum urea (mmol L–1) 4.1 ± 0.8 3.9 ± 0.9 3.9 ± 1.2 3.8 ± 1.1
Serum creatinine (μmol dU–1) 66 ± 9 64 ± 8 63 ± 9 68 ± 10∗

PRA (ng mL–1 h–1) 1.43 ± 1.63 0.87 ± 0.86∗ 1.23 ± 1.53 1.99 ± 1.7∗

Plasma aldosterone (pmol L–1) 849 ± 462 553 ± 394∗ 668 ± 418 1176 ± 816∗

Results are expressed as the mean ± SD.
∗P < 0.05 before vs. after HS diet (n = 30) or before vs. after LS diet (n = 24).

LS diet. There was no statistically significant difference
in 24 h urine urea and creatinine concentrations before
and after either diet protocol. The 24 h urine albumin
concentration was decreased after the LS diet and was
unchanged after the HS diet (Table 2).

LDF measurement of skin microcirculatory blood flow

PORH was significantly reduced in the HS diet group
compared to the control PORH values (�R-O control
1.4 ± 0.4 vs. HS diet 1.1 ± 0.3, P < 0.001) (Fig. 2A). PORH
was not significantly different in the LS diet protocol
compared to control PORH values before the LS salt diet
(�R-O control 1.2 ± 0.3 vs. LS diet 1.3 ± 0.3, P = 0.562)
(Fig. 2B).

Effect of the non-selective (COX-1 and COX-2)
and selective (COX-2) inhibitors on skin
microcirculatory blood flow before and after the HS
diet

Both indomethacin (�R-O control 1.4 ± 0.4 vs.
control + indomethacin 1.3 ± 0.3, P = 0.545) and
celecoxib (�R-O control 1.5 ± 0.3 vs. control + celecoxib
1.4 ± 0.3, P = 0.578) had no significant effect on PORH
before the HS diet (Fig. 3A and B). The non-selective
COX-1 and COX-2 inhibitor indomethacin eliminated
the reduction in PORH after 1 min of occlusion in the
HS diet group compared to the PORH value before
indomethacin administration (�R-O HS diet 1.0 ± 0.2
vs. HS diet + indomethacin 1.3 ± 0.5, P < 0.05)
(Fig. 3A). However, after the selective COX2 inhibitor
celecoxib, PORH remained impaired in the HS diet group
(�R-O HS diet 1.1 ± 0.4 vs. HS diet + celecoxib 1.1 ± 0.3,
P = 0.552) compared to baseline (Fig. 3B).

Effect of the HS diet on vasoconstrictor
prostaglandins TXB2 and PGF2α plasma levels

Plasma levels of TXB2 increased significantly after 1 week
of the HS diet compared to control levels before the HS
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Figure 2. Changes of PORH
Relative changes of PORH before and after HS, A and LS diet, B,
protocols.
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diet protocol (cTXB2 pg mL–1 control before the HS diet
108 ± 39 vs. after the HS diet 160 ± 31, P = 0.033)
(Fig. 4A). On the other hand, plasma PGF2α levels were
not changed after the HS diet protocol compared to control
levels before the diet (cPGF2α pg mL–1 control before the
HS diet 59 ± 33 vs. after the HS diet 50 ± 40, P = 0.209)
(Fig. 4B).

Effect of the HS diet and the non-selective COX-1
and COX-2 inhibitor indomethacin and the selective
COX-2 inhibitor celecoxib on TXB2 plasma levels

Both indomethacin (cTXB2 pg mL–1 after the HS diet
150 ± 100 vs. HS diet + indomethacin 50 ± 18, P = 0.005)
(Fig. 5A) and celecoxib administration (cTXB2 pg mL–1

after the HS diet 160 ± 20 vs. HS diet + celecoxib 83 ± 31,
P = 0.008) (Fig. 5B) significantly decreased TXB2 levels
after the HS diet protocol.

Concentrations of the sCAMs ICAM-1, VCAM-1
and E-selectin

sCAM concentrations did not change after either the HS
or LS diet protocols (Table 3).

Discussion

The salient finding of the present study is that 1 week
of the HS diet impaired the microvascular endothelial
function (Fig. 2A), which was prevented by inhibiting
COX enzymes with indomethacin but not with celecoxib
(Fig. 3). The HS diet increased plasma concentrations of
TXA2 (Fig. 4A) but did not change PGF2α levels (Fig. 4B).
Plasma levels of TXA2 were significantly reduced after both
indomethacin and celecoxib administration (Figs 4 and 5),
suggesting an important role of other COX-1 derived vaso-
constrictor metabolites in the regulation of microvascular
blood flow during the HS diet. It is generally accepted
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Figure 3. Changes of peripheral blood
flow
Relative changes of peripheral blood flow
between occlusion and reperfusion before
and after the HS diet protocol with
indomethacin, A or celecoxib, B,
administration.
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that a high dietary salt intake represents an independent
risk factor in the development and progression of hyper-
tension (Bragulat & de la Sierra, 2002; Mohan & Campbell,
2009; Drenjancevic Peric et al. 2011). In addition, the
DASH study (the source of the LS diet plan used in
the present study) demonstrated dose-related effects of
salt reduction on systemic BP values (Sacks et al. 2001).
Although the mechanisms by which changes in dietary
salt intake impact upon BP and microvascular function
are not well understood, the HS diet can promote end-
othelial dysfunction prior to and/or independently of any
increases in BP (Bragulat & de la Sierra, 2002; Weinberger,
2002; Drenjancevic Peric et al. 2011).

Diet protocol

Excessive salt intake is a major problem in almost all parts
of the world; for example, the average salt intake for adults
in Croatia is 13.3 ± 4.3 g day–1 (223.6 ± 74.0 mmol
Na per 24 h urine) for men and 10.2 ± 4.2 g day–1

(177.3 ± 69.1 mmol Na per 24 h urine) for women
(Premuzic et al. 2010). The fifty-four participants
in the present study had an average salt intake of
7.7 ± 3.1 g day–1 before the diet protocol (as calculated
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Figure 4. Effect of the HS diet on vasoconstrictor
prostaglandins TXB2 and PGF2α plasma levels
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by the amount of sodium in the 24 h urine sample,
129.9 ± 51.6 mmol dU–1), which is below the Croatian
average. Salt intake in the HS group was 14 g day–1 and
the range of sodium excretion in the present study is
not uncommon in the everyday life of many individuals.
Decreased urinary sodium levels in the LS diet subjects
and elevated urinary sodium levels, as well as decereased
PRA and plasma aldosterone levels in subjects on the HS
diet, confirmed that experimental protocol was conducted
consistently, and also that the subjects conformed with the
diet guidelines (Table 1).

BP

Many epidemiological and interventional studies have
demonstrated a clear relationship between salt intake and
hypertension (Bragulat & de la Sierra, 2002; Drenjancevic
Peric et al. 2011). However, BP sensitivity to changes
in sodium intake in young healthy individuals and the
duration of HS consumption needed to increase BP
in salt-sensitive individuals remain undefined. Tzemos
et al. (2008) reported that 7 days of acute salt loading
significantly increased levels of brachial SBP but with
no changes in DBP in young healthy individuals. By
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Figure 5. Effect of the HS diet and the non-selective COX-1
and COX–2 inhibitor indomethacin and the selective COX–2
inhibitor celecoxib on TXB2 plasma levels
Significant decrease of TXB2 plasma levels in HS diet groups after
indomethacin, A and celecoxib, B, administration.
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Table 3. sCAMs

Variable Before HS diet After HS diet Before LS diet After LS diet

sICAM-1 (ng mL–1) 235.59 ± 60.66 224.71 ± 65.05 255.42 ± 108.29 256.84 ± 99.7
sVCAM-1 (ng mL–1) 2511 ± 2880 2385 ± 4427 2429 ± 2300 2071 ± 2582
sE-selectin (ng mL–1) 38.45 ± 26.79 53.31 ± 63.35 37.62 ± 21.91 57.99 ± 41.17

Results are expressed as the mean ± SD.
sICAM-1 HS diet (n = 22), sVCAM-1 HS diet (n = 10), sE-selectin HS diet (n = 10).
sICAM-1 LS diet (n = 22), sVCAM-1 LS diet (n = 13), sE-selectin LS diet (n = 13).

contrast, Starmans-Kool et al. (2010) demonstrated that
14 days of the HS diet provoked minimal changes in
brachial BP, although with a strong association between
dietary salt manipulation and carotid BP. In the present
study, there was no significant change in SBP, DBP and
MAP after 1 week of the HS diet. However, we found a
significant decrease in brachial SBP, DBP and MAP after
7 days of the LS diet protocol (Table 1). These results are
consistent with the results of studies examining the impact
of the DASH diet on BP in normotensive individuals
(Sacks et al. 2001). However, the reduced BP in our LS
diet group is unlikely to indicate different salt-sensitivity
of the individuals because, in the DASH-Sodium trial
collaborative research group study, SBP responses to
changes in sodium intake over time were found to be
inconsistent and non-reproducible (Vollmer et al. 2001).
Regardless, the results of the present study support current
recommendations for a lower salt intake directed at
the general public rather than ‘susceptible’ individuals
(Vollmer et al. 2001; Obarzanek et al. 2003).

LDF studies

In the literature, we have only identified one study
that focused on the impact of HS diet on micro-
vascular regulation in humans (Greaney et al. 2012).
LDF provides important clinical data in a non-invasive
fashion to evaluate microcirculatory impairment in
various pathological conditions (Stewart et al. 2004;
Crakowski et al. 2006; De Backer et al. 2007), including
salt loading. However, there is still controversy in the
literature regarding what mediators contribute to PORH.
The results of the present study provide important
new information contributing to our understanding of
the precise mechanisms underlying the increase in post
occlusion skin blood flow. Many mediators are known to
contribute to PORH (Roustit & Crakowski, 2012). Sensory
nerves are partially involved through an axon reflex
response (Larkin & Williams, 1993; Lorenzo & Minson,
2007). Regarding the endothelium, endothelium-derived
hyperpolarizing factor is involved because it appears that
large-conductance calcium activated potassium channels
play a major role (Lorenzo & Minson, 2007), whereas
the results are conflicting concerning the implication of

prostaglandins (Binggeli et al. 2003; Dalle-Ave et al. 2004;
Medow et al. 2007). The inhibition of NO synthesis
does not alter PORH on the forearm (Wong et al.
2003), although recent work suggests that COX inhibition
unmasks the NO dependence of reactive hyperaemia in
the human cutaneous circulation (Medow et al. 2007).
The results of the present study show that COX-derived
metabolites are not involved in PORH in healthy sub-
jects, which is consistent with some previous studies
(Hellmann et al. 2015) but, for the first time, we have
shown that COX-derived metabolites have an important
role in mediating PORH with respect to the HS diet
condition. Future studies are needed to clarify what other
mediators are involved in PORH in both physiological and
pathological conditions, as well as the precise mechanisms
that lead to this ‘switch’ in PORH mediators after the HS
diet.

The results of recent studies evaluating the influence
of HS diet on endothelial dysfunction in young
healthy individuals are inconsistent. Tzemos et al.
(2008) demonstrated impaired endothelial function after
7 days of HS intake, which was evaluated by measuring
forearm blood flow by stain-gauge venous occlusion
plethysmography. Liu et al. (2012) observed significantly
lower flow-mediated dilatation of the brachial artery after
1 week of HS loading. Du Pont et al. (2013) reported that
an excess of salt intake in humans impairs flow-mediated
dilatation of the brachial artery independently of changes
in BP. Dickinson et al. (2011) reported impaired post-
prandial endothelial function as assessed by flow-mediated
dilatation of the brachial artery after only one HS meal in
healthy individuals. By contrast, Stein et al. (1995) found
no effect of salt intake in methacholine-induced vaso-
dilatation in a group of healthy subjects. By contrast to
these studies, the advantage of the present study is the
utilization of the LDF method for direct, non-invasive
assessment of the microcirculation. One of the only
studies that involved a HS diet and microvascular function
reported that, in salt-resistant adults, NO-mediated
cutaneous vasodilatation in response to local heating
was attenuated during a HS diet and was subsequently
improved by the local infusion of ascorbic acid. These
data are consistent with those obtained in the present
study, suggesting that dietary sodium-induced declines
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in microvascular function are independent of BP and that
oxidative stress contributes to this impairment (Greaney
et al. 2012).

The present study showed a significant impairment
in PORH in the young healthy women on the HS
diet protocol for 7 days, indicating that even a short
exposure to HS diet can lead to the development of end-
othelial dysfunction in microvessels. Although Greaney
et al. (2012) reported that a high-sodium diet altered
NO-mediated dilatation in the microvasculature possibly
by provoking oxidative stress, the results of the present
study shed new light on the idea that COX-derived vaso-
constrictors may have an important role in this micro-
vascular impairment. By contrast to the HS diet, we did
not observe any significant changes in the peripheral blood
flow after 1 week of the LS diet compared to the pre-LS
diet control.

Effects of COX-1 and COX-2 inhibition on hyperaemic
blood flow during the HS diet

The present study has shown that 1 week of the HS diet
significantly increased plasma concentrations of TXB2, a
stable metabolite of TXA2, and a potent vasoconstrictor
produced by thromboxane A-synthase that converts the
arachidonic acid derivate prostaglandin H2 (synthesized
by COX) to TXA2. Moreover, indomethacin treatment
restored blood flow, whereas celecoxib did not induce
any change in the impaired hyperaemic blood flow, after
1 week of the HS diet (Fig. 3). However, increased plasma
TXA2 levels after the HS diet were significantly reduced
after administration of both indomethacin and celecoxib
(Figs 4 and 5). This suggests that some other vaso-
constrictor dominantly derived by COX-1 may play a role
in impaired microvascular reactivity in subjects on the HS
diet.

Numerous studies have shown the relevance of
COX-derived metabolites in vascular reactivity
regulation: prostaglandins and thromboxane are
critical modulators of vascular tone in both physio-
logical and pathophysiological conditions (Davidge,
2001). Endothelial cells contain up to 20 times more
COX than smooth muscle cells, indicating that the
endothelium is the primary source of increased COX
activity (Phillips et al. 2004). COX converts arachidonic
acid into endoperoxides (PGH2), the intermediate of
the prostanoid biosynthesis, which can either act as an
endothelium-derived contracting factors (EDCF) per se,
or be further transformed into prostacyclin, TXA2 and
various other prostaglandins, including prostaglandin D2,
prostaglandin E2 and PGF2α by their respective synthases
(Wong & Vanhoutte, 2010). Under normal physiological
conditions, eicosanoids (primarily prostacyclin) generally
induce vasorelaxation. However, in vascular pathogenesis,

there may be an imbalance where COX-dependent
vasoconstriction becomes more dominant (Wong &
Vanhoutte, 2010). In addition, the involvement of
individual prostanoids in EDCF-mediated responses
varies depending on the species, the blood vessels studied,
the endothelium-dependent agonist used, and the age
and disease state of the donor, which makes things
even more complicated (Schuligoi et al. 2009; Wong
& Vanhoutte, 2010; Eskildsen et al. 2014). Numerous
human studies, conducted in the presence of clinical
conditions characterized by endothelial dysfunction, have
shown that endothelial cells, in response to different
agonists and physical stimuli, became a source of
EDCFs, mainly COX-derived prostanoids. Moreover,
in a number of vascular complications, common
cardiovascular risk factors, such as oxidative stress and
dyslipidaemia, may modulate COX-dependent function
leading to the impairment of vascular function (Davidge,
2001; Pitt et al. 2002). Many human pathological
conditions characterized by a decline in endothelial
function are associated with a progressive decrease in NO
bioavailability and an increase in the production of EDCFs
(Versari et al. 2009). Furthermore, previous studies have
reported that COX-1 is the preferential constitutive
isoform of COX mediating endothelium-dependent
contractions in the large arteries of rats and mice.
However, with ageing or disease, COX-2 can be induced
and then subsequently contributes to EDCF-mediated
responses (Versari et al. 2009). Nonetheless, the number
of studies in humans dealing with the possible role of
changes in salt intake on vascular COX activity is limited.
The findings of the present study are consistent with
those of Lombard et al. (2002), who reported that the
vasoconstrictor COX metabolites TXA2 and PGH2 play a
role in mediating paradoxical constriction in response to
reduced PO2 in the middle cerebral arteries of rats fed a HS
diet. Matrougi et al. (2001) showed that the impairment
of flow-induced dilatation in normotensive rats fed HS
diet was accompanied by the induced expression of
COX-2. However, to our knowledge, the present study
is the first to investigate this issue in young healthy
women. Our findings suggest that short-term exposure
to a HS diet leads to significant alterations in arachidonic
acid metabolism. In the present study, we demonstrated
that COX enzymes (more specifically COX-1) play an
important role in the development of microvascular (end-
othelial) dysfunction after the HS diet in young healthy
individuals. In light of the above findings, it is important
to emphasize two major novelties of the present study:
(1) for the first time, it is demonstrated that COX-derived
vasoconstriction takes part in the decline of microvascular
reactivity after 1 week of the HS diet and (2) COX-1
is the preferential constitutive isoform of COX that
mediates endothelium-dependent contractions in the
human microvasculature after the HS diet. However, to
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demonstrate the role of each COX-derived prostanoid in
microvascular reactivity impairment after HS loading,
as well as the mechanisms that regulate the balance
between NO and EDCFs and the processes transforming
the endothelium from a protective organ to a source
of vasoconstrictor, pro-aggregatory and promitogenic
mediators remain to be determined in future studies.

Nonetheless, the specific roles of COX-1 and COX-2 in
regulating vascular function during HS loading in young
healthy humans are still growing in number and remain
worthy of further investigation.

Endothelium activation markers and dietary salt
manipulation

CAMs such as ICAM-1, VCAM-1 and E-selectin have
recently emerged as an important marker of end-
othelial activation preceding the adhesion of the activated
leukocytes and initiating atherosclerotic lesions (Verma &
Anderson, 2002; Tadzic et al. 2013). One goal of present
study was to determine changes of serum sCAMs levels
with dietary salt intake change, as a marker of endothelial
activation and susceptibility to atherosclerosis. At present,
1 week of LS diet does not change the serum concentrations
of sCAMs. This result was expected because the LS diet
protocol did not affect microvascular reactivity, indicating
preserved endothelial function. On the other hand, even
though PORH was significantly impaired in the group
that was on the HS diet protocol, the concentrations of
serum sCAMs were unaffected by the HS diet protocol.
To our knowledge, this is the first study to investigate the
effects of the HS diet on serum sCAM levels in young
healthy women because most of the existing studies have
been conducted in hypertensive patients. For example,
Ferri et al. (1998) showed that plasma sE-selectin but not
sICAM-1 and sVCAM-1 levels increased with 2 weeks of
the HS diet in salt-sensitive patients (Ferri et al. 1998).
Tadzic et al. (2013) have shown that, in hypertension, there
is high concentration of sICAM-1 and sVCAM-1, with low
sE-selectin levels, as markers of endothelial cell activation.
These differences between the present study and the pre-
viously cited studies may suggest that increases in sCAMs
levels are the result of elevated BP, rather than exposure
to HS diet alone. It is possible that, in the present study,
1 week of the HS diet and/or the degree of salt loading
was not sufficient to provoke endothelial activation and/or
injury, and only affected the mechanisms responsible for
vascular reactivity.

Study limitations

Although there are known and accepted limitations in
the use of LDF measurements as an indicator of tissue

blood flow, the present study employed well-established
parameters to describe relative changes during hyper-
aemic blood flow. To further evaluate the reproducibility
of our measurements, control tests were performed in
which repeated LDF measurements of three individuals
were evaluated. In these tests, variability was significantly
smaller compared to the SD of the actual LDF
measurements (data not shown).

In conclusion, the present study is the first to investigate
the effect of acute dietary salt manipulation on micro-
circulatory blood flow in young healthy female sub-
jects. One week of the HS diet reduced post-occlusion
blood flow (an indicator of endothelial function) and
increased serum thromboxane levels. Microcirculatory
reactivity could be restored with indomethacin in the
HS diet group. This is the first study to: (1) confirm
the deleterious effect of acute salt loading on micro-
vascular reactivity in women; (2) demonstrate significant
effect of vasoconstrictor metabolites of COX enzymes,
especially COX-1, in the development of impaired end-
othelial function after acute salt loading in humans;
and (3) establish LDF as a non-invasive reliable method
of assessing microcirculatory blood flow in humans.
The present findings provide the foundation for further
investigations into the exact role of the specific COX iso-
forms and their metabolites that influence vascular end-
othelial function in the microcirculation during HS diets.
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