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AbstrAct
Objective: Low sodium intake may trigger 
sympathetic nervous system (SNS) activation 
and endothelial dysfunction. Studies have not 
explored these associations along the glucose 
continuum. Accordingly, we compared endothelial 
function and SNS activity in individuals with 
low sodium intake and differing categories of 
metabolic risk along the glucose continuum. We 
hypothesized that low sodium intake is associated 
with (1) impairment of endothelial function and 
(2) higher SNS activity in individuals with higher 
metabolic risk. Research Design and Methods: In 
this prospective observational study, participants 
(n=54) with low sodium intake (single 24 hours 
urine sodium excretion <150 mmol/24 hours) 
were categorized based on oral glucose tolerance 
testing as: normal glucose tolerance (NGT, n=10), 
impaired glucose tolerance (IGT, n=15), treatment 
naive type 2 diabetes (T2D−) (n=12) or treated 
type 2 diabetes (T2D+) (n=17). We assessed 
endothelial function using pulse amplitude 
tonometry (PAT) derived reactive hyperemic index 
and PAT ratio; arterial stiffness via augmentation 
index; muscle sympathetic nerve activity (MSNA) 
using microneurography; cardiac baroreflex; heart 
rate; blood pressure; glycosylated hemoglobin A1c 
(HbA1c) and lipid profile. Results: Mean (SD) sodium 
excretion was 110.6 (26) mmol/24 hours. Compared 
with NGT, IGT and T2D−, the T2D+ group had lower 
MSNA (p=0.005), PAT ratio (p=0.04) and baroreflex 
sensitivity (p=0.0002) and an augmented heart rate 
(p=0.02). The T2D+ group had appropriate mean 
(SD) glycemic (HbA1c 7.2 (1.72)%), total cholesterol 
(4.2 (1.0) mmol/L), low-density lipoprotein (2.2 
(1.0) mmol/L) and blood pressure (systolic 136 (13), 
diastolic 78 (12)) (mm Hg) control. Conclusions: 
Individuals with T2D+ have impaired endothelial 
and baroreflex function, despite low sodium 
intake, appropriately managed cardiometabolic 
risk factors and lower SNS activity, compared with 
others along the glucose continuum. Whether low 

sodium intake is associated with modulation of the 
sympathovascular profile in T2D requires further 
investigation.

InTroduCTIon
The burden of type 2 diabetes is rising due to 
its increasing prevalence and the associated 
higher likelihood of this population acquiring 
cardiovascular disease.1 As cardiovascular 

significance of this study

What is already known about this subject?
 ► Reduction in sodium intake is believed to lead to a 
reduction in blood pressure and has been advocated 
by public health bodies as a strategy to reduce pro-
gression of cardiovascular disease (CVD). However, 
these recommendations have recently been ques-
tioned as emerging observational and experimental 
evidence has shown the paradoxical association be-
tween a low sodium intake and adverse cardiovas-
cular outcomes in individuals with type 2 diabetes, 
possibly through mechanisms such as increased 
sympathetic nervous system activity and endothelial 
dysfunction. However, it is not known whether low 
sodium intake has effects on cardiovascular health 
outcomes along the glucose continuum.

What are the new findings?
 ► The findings demonstrate that compared with oth-
er groups along the glucose continuum, individuals 
with treated type 2 diabetes who had low sodium 
intake presented with worse endothelial and baro-
reflex function.

 ► This was despite a better sympathetic profile and 
being appropriately managed for cardiometabolic 
risk factors.

 ► To the best of our knowledge, we are the first to re-
port such observations.
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How might these results change the focus of research or 
clinical practice?

 ► By determining endothelial function and sympathetic nervous ac-
tivity in individuals with a varied range of sodium intake (ie, low, 
average and high sodium intake) along the glucose continuum, we 
may be able to provide an optimal and practical level of sodium 
intake to optimize cardiovascular health outcomes.

 ► Future research is required to: (1) assess the association between 
the renin-–angiotensin aldosterone system and sodium intake on 
cardiovascular health outcomes along the glucose continuum and. 
(2) determine if differences in insulin levels or other unmeasured 
factors such as fitness levels may have played a role in the findings.

Cardiovascular and metabolic risk

disease is the leading cause of death worldwide,2 its 
prevention has become a global health priority.3 The 
WHO has urged a targeted strategic approach3 to reduce 
this cardiovascular burden. Lessons learnt from random-
ized controlled trials assessing intensified glycemic 
control on macrovascular complications4–6 suggest that 
in older people with longstanding type 2 diabetes at high 
risk of cardiovascular disease, intensive glycemic control 
may not significantly improve cardiovascular health 
outcomes.4–6 Therefore, optimization of other cardiovas-
cular risk factors, outside of glycemic control, may be as 
important, or in some individuals more important, for 
cardiovascular risk reduction.7 Hypertension is one such 
modifiable risk factor with a reduction in blood pressure 
being considered capable of reducing the progression 
to cardiovascular disease.8 Blood pressure lowering may 
be achieved by lowering dietary sodium intake.8 Not 
surprisingly, population-wide lowering of sodium intake 
is recommended,8 with the current sodium intake targets 
set at less than 2300 mg per day (100 mmol/24 hours).9

In spite of these and other preventative strategies, 
cardiovascular disease continues to rise.2 Furthermore, 
our group10 and others11 have previously demonstrated 
that paradoxically, a lower habitual sodium intake was 
associated with higher all cause and cardiovascular 
mortality in individuals with diabetes.10 11 Studies aimed at 
underpinning the mechanisms responsible for the associ-
ation between low sodium intake and poor cardiovascular 
health have been called for by the Institute of Medicine 
in order to improve overall cardiovascular health in high-
risk individuals,12 such as those with diabetes.

Mechanistic studies exploring the sympathetic nervous 
system seems plausible given chronic sympathetic acti-
vation is associated with end organ damage and an 
adverse clinical prognosis.13 Moreover, as autonomic 
dysfunction can be detected early on in the progression 
of diabetes,14 preferentially targeting the sympathetic 
nervous system may be valuable in lowering cardiovas-
cular disease-related risk in this population. Additionally, 
studies investigating for the presence of underlying endo-
thelial dysfunction, the precursor to atherosclerosis and 
cardiovascular events15 are needed, given the potential 

for earlier intervention strategies. Importantly, as an 
impaired autonomic reflex is associated with a higher 
incidence of endothelial dysfunction and mortality in 
individuals with diabetes,16 targeting both these systems 
simultaneously may have added benefit in potentially 
reducing cardiometabolic risk.

However, while sodium is known to have pleotropic 
effects on sympathetic activity17 and endothelial func-
tion,15 there is paucity in data exploring the effect 
of dietary sodium intake on these systems along the 
glucose continuum. Therefore, the aim of this study 
was to compare sympathetic nervous system activity and 
endothelial function in the setting of low sodium intake 
along the glucose continuum in individuals who had (1) 
normal glucose tolerance, (2) impaired glucose toler-
ance, (3) treatment naive diabetes or (4) treated type 2 
diabetes with established cardiometabolic risk factors. We 
hypothesized that low sodium intake is associated with 
(1) poorer endothelial function and (2) higher sympa-
thetic nervous system activity in individuals with higher 
metabolic risk across the glucose continuum.

MeTHods
study design and recruitment of participants
In this prospective observational study, individuals who 
participated in previous studies at two centers (Depart-
ment of Endocrinology at Austin Health and Human 
Neurotransmitters Laboratory at the Baker Heart and 
Diabetes Institute18) with similar experimental meth-
odologies, were selected if they fulfilled the following 
criteria: age 50–75 years, body mass index (BMI) 25–35 
kg/m2, systolic blood pressure <140 mm Hg and/or 
diastolic blood pressure <80 mm Hg, and absence of 
acute systemic illness. Additionally, individuals with type 
2 diabetes with a history of cardiovascular or cerebrovas-
cular disease were included given these individuals repre-
sent the population at highest cardiovascular risk. A low 
dietary sodium intake was defined as 24 hours urinary 
sodium excretion (24hUNa) measuring <150 mmol/24 
hours from a single collection during the relevant study 
visit. This cut-off was chosen as we have previously demon-
strated sodium intake in the lowest tertile (24hUNa <150 
mmol/24 hours) was associated with adverse cardiovas-
cular outcomes in people with type 2 diabetes.10 Given 
that approximately 90% of sodium intake is excreted by 
the kidney,19 24hUNa was chosen to provide more accu-
rate estimates of sodium intake. Furthermore, we have 
previously demonstrated that a single measurement of 
24hUNa is able to predict habitual dietary sodium intake 
in people with type 2 diabetes.20

Exclusion criteria comprised a history of peripheral 
or autonomic neuropathy; cardiovascular, cerebrovas-
cular, liver or thyroid disease; cancer within the past 5 
years; an estimated glomerular filtration rate (eGFR) <45 
mL/min/1.73 m2, two or more antihypertensive agents, 
hormone replacement therapy and sodium-glucose 
linked transporter 2 inhibitors.
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Participants were categorized into four groups: normal 
glucose tolerance (NGT), impaired glucose tolerance 
(IGT), treatment naive type 2 diabetes (T2D−) and well 
established, treated type 2 diabetes (T2D+), based on 
biochemical results (oral glucose tolerance test (OGTT) 
or glycosylated hemoglobin A1C (HbA1c))21 or a known 
history of type 2 diabetes.

Participants in the NGT, IGT or T2D− groups were 
not taking any medications or dietary supplements. The 
individuals with T2D+ were expected to be on antihy-
pertensive agents. Agents that could affect the renin–
angiotensin-aldosterone system (RAAS) and sympathetic 
nervous system such as ACE inhibitors, angiotensin II 
receptor blockers, mineralocorticoid receptor antag-
onists, centrally acting sympatholytic agents or beta 
blockers, required a washout period of 6 weeks prior to 
the participant entering the study for which they were 
enrolled. These agents were substituted so that partici-
pants received calcium channel blockers such as lercan-
idipine or diltiazem as they are less likely to interfere with 
the sympathetic nervous system and RAAS.22

All participants provided written informed consent. 
The previous aforementioned studies were regis-
tered as follows: The Department of Endocrinology 
at Austin Health study was registered with the Austra-
lian and New Zealand Clinical Trials Registry, identifier 
ACTRN12613000127707. The Human Neurotransmitters 
Laboratory at the Baker Heart and Diabetes Institute18 
study was registered with Clinical  trials. gov, identifier 
NCT00408850.

endpoints
The primary endpoints were to characterize the differ-
ences in (1) endothelial function, using pulse amplitude 
tonometry (PAT) derived measures of reactive hyperemic 
index and PAT ratio and (2) sympathetic nervous activity, 
using microneurography to assess muscle sympathetic 
nerve activity (MSNA), in individuals with a low sodium 
intake along the glucose continuum. The secondary 
endpoints were to assess cardiac baroreflex sensitivity, 
arterial stiffness as measured by the augmentation index, 
heart rate and blood pressure.

Plasma and 24-hour urine biochemical measurements
Participants without an established diagnosis of diabetes 
had an OGTT using a 75 g glucose load. A diagnosis 
of normal glycemic control (fasting ≤6.0 mmol/L or 2 
hour <7.8 mmol/ L), impaired glucose tolerance (fasting 
plasma glucose 6.1–6.9 mmol/L or 2-hour plasma glucose 
7.8–11.0 mmol/L) or diabetes (fasting ≥7.0 mmol/L or 2 
hour ≥11.1 mmol/ L) was made according to established 
criteria.21 During baseline study visits, fasting blood 
samples were analyzed for serum hematological parame-
ters, electrolytes, glucose, creatinine, HbA1c, high sensi-
tivity C-reactive protein, and lipid profile. The 24-hours 
urine specimens were collected by participants the day 
prior to clinical investigations and returned on the day 
of testing. Participants were given prior instructions and 

advice on the importance of accuracy of 24 hours urine 
collection. The 24-hours urine specimens were analyzed 
for sodium, potassium and creatinine excretion.

Clinical investigations
All clinical investigations were performed at the Human 
Neurotransmitter Laboratory, Baker Heart and Diabetes 
Institute and were carried out without the influence of 
caffeine, exercise and alcohol 18–36 hours prior to elim-
inate any acute effects on investigations. Participants 
were assessed in the fasting state in a quiet room with an 
ambient of temperature 22°C. Anthropometric measure-
ments comprised: body weight using a digital scale with 
bare feet and light clothing, height and BMI. Supine 
blood pressure was measured after 5 min of rest using 
a Dinamap monitor (Model 1846SX, Critikon, Tampa, 
Florida, USA) and recorded as the average of five consec-
utive measurements.

Assessment of MSNA was performed using microneu-
rography and was performed and analyzed by one inves-
tigator (EL). A tungsten microelectrode was inserted 
directly into the right peroneal nerve at the fibular head.23 
A subcutaneous reference electrode was positioned 3 cm 
away from the recording site. The nerve signal was ampli-
fied (×50 000), filtered (bandpass: 700–2000 Hz), and 
integrated. Simultaneous blood pressure measurements 
from a finger cuff (Finometer; Finapres Medical System, 
Amsterdam, the Netherlands) and heart rate via an ECG 
were made. The blood pressure, ECG and MSNA measure-
ments were digitalized with a sampling frequency of 1000 
Hz (PowerLab recording system, model ML 785/8SP, 
ADI Instruments).23 When a satisfactory nerve-recording 
site was attained, resting measurements were recorded 
over a minimum period of 15 min.23 LabChart software 
(ADInstruments, Sydney, Australia) extracted the beat-
to-beat values for MSNA, as well as for R–R interval, 
systolic and diastolic pressure. Results are expressed as 
burst frequency (bursts per minute) and burst incidence 
(bursts per 100 heartbeats).18

Endothelial function was assessed using the EndoPAT 
2000 device (Itamar Medical, Israel) that can identify 
individuals at increased risk of cardiovascular events24 by 
measuring the reactive hyperemic index and PAT ratio. 
Additionally, augmentation index was used to measure 
arterial stiffness. The PAT device was placed on the top 
of each index finger. Measurements were obtained for 
5 min at baseline, followed by 5 min of occlusion of one 
arm by inflating a cuff on the upper arm to supra systolic 
blood pressure (60 mm Hg above systolic blood pressure 
or 200 mm Hg), and then, after releasing the cuff to 
induce reactive flow-mediated hyperemia, measurements 
were recorded for a further 5–10 min23 which yielded the 
reactive hyperemic index. The PAT ratio was then calcu-
lated with the calculation used to assess endothelial func-
tion in the Framingham Heart Study.23 25

Baroreflex function was determined by measuring 
the baroreflex slope (ms/mm Hg) and baroreflex effec-
tiveness index using the sequence method of Parati.26 
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While there is no gold standard technique for the quan-
tification of baroreflex function, the Oxford Method, 
has been considered as ‘gold standard’ which involves 
the infusion of vasoactive drugs such as phenylephrine 
or sodium nitroprusside to alter blood pressure. The 
reasons for not adopting this technique for the present 
study was that apart from it being invasive in nature, it 
may alter autonomic responses during the procedure 
with an increased risk of profound hypotension.27 For 
these reasons, our study focused on using the sequence 
method of Parati. In brief, in this non-invasive technique, 
sequences were based on the identification of three or 
more cardiac cycles for which there was a consecutive rise 
or fall in systolic blood pressure followed by consecutive 
lengthening or shortening of the R–R interval. Three or 
more sequences were required for analysis. The slope 
between cardiac interval and systolic blood pressure was 
calculated for each validated sequence and averaged over 
15 min for the resting recording.

statistics and data analysis
A one-way analysis of variance was conducted to compare 
the differences in EndoPAT, MSNA, cardiac baroreflex 
sensitivity and biochemical characteristics in individ-
uals with low sodium intake and the various metabolic 
risk conditions of NGT, IGT, T2D− and T2D+. A Tukey 
post-hoc test was performed if there was a statistically 
significant difference between groups. Data is repre-
sented as mean±SD as indicated. Statistical analyses 
were performed using STATA V.14.2. Correlations were 
assessed using Pearson’s correlation coefficient for 
measuring statistical dependence between clinical inves-
tigations and biochemical parameters. A p value of <0.05 
was regarded as statistically significant.

resulTs
Participants
Screening of databases for suitability to enter the study 
identified 99 eligible participants. As 45 participants had 
incomplete clinical investigations, a total of 54 partic-
ipants were therefore included in the final analysis. 
Participants were then categorized accordingly into the 
following groups: NGT (n=10), IGT (n=15), T2D− (n=12) 
and T2D+ (n=17) (online supplementary figure 1).

Anthropometric, hemodynamic, and biochemical 
characteristics of the participants
Participants were similar in age and anthropometric 
measurements (table 1). Hemodynamic measurements 
revealed that the T2D+ group had higher systolic blood 
pressure (p=0.04) and heart rate (p=0.002) and demon-
strated a trend for higher diastolic blood pressure 
(p=0.05) compared with the other groups. The mean 
(SD) sodium excretion for the entire cohort was 110.6 
(26) mmol/24 hours with no significant differences 
between groups (table 1). As expected, the high-density 
lipoprotein was lower in the T2D+ group as compared 
with the other groups (p=0.001). Triglyceride levels 

were similar across groups (p=0.6). Serum cholesterol 
and low-density lipoprotein (LDL) were lower in the 
T2D+ group compared with all other groups (p=0.0001 
and p=0.002, respectively). These differences in total 
cholesterol and LDL are likely to be reflective of the 
high percentage of statin use (82%) in the T2D+ 
cohort (table 2). The detailed characteristics of the 
T2D+ group are summarized in table 2. These partic-
ipants were predominately on metformin (94%) or 
sulfonylurea (23%) agents and achieved good glycemic 
control as evidenced by an HbA1c of 7.2% (55 mmol/
mol) (table 2).

Assessment of sympathetic activity, endothelial and cardiac 
baroreflex function, along the glucose continuum
The analysis of MSNA demonstrated that burst incidence 
was lower in the T2D+ group (p=0.005) (figure 1A) as 
compared with other groups. As shown in the online 
supplementary table 1, a Tukey post hoc test revealed that 
the T2D+ group had lower burst incidence as compared 
with the IGT (p=0.03) and T2D− group (p=0.006) 
and trended towards having lower burst incidence as 
compared with the NGT group (p=0.05). The burst 
frequency however was not statistically different among 
groups (p=0.6) (online supplementary table 1).

The endothelial function derived measure of PAT ratio 
(p=0.04) (figure 1C) was lower in the T2D+ group and 
the reactive hyperemic index trended towards being 
lower in the T2D+ group (p=0.08) (figure 1D). There 
was no difference in arterial stiffness across the glucose 
continuum (p=0.12) as assessed by the augmentation 
index (online supplementary table 1).

Despite the lower burst incidence, the baroreflex 
effectiveness index was shown to be lower in the T2D+ 
group as compared with all the other groups (p=0.0002) 
(figure 1B). The baroreflex mean slope, however, was not 
different among groups (p=0.4) (online supplementary 
table 1).

dIsCussIon
Key findings
The most important finding in the current study was 
that despite adhering to a low sodium diet, being appro-
priately managed for cardiometabolic risk factors and 
demonstrating a better sympathetic profile, individuals 
with T2D+ presented with worse endothelial and barore-
flex function compared with the other individuals along 
the glucose continuum.

Individuals with treated type 2 diabetes with low sodium 
intake demonstrated lower sympathetic activity
In individuals with a low sodium intake, MSNA levels 
were lower in those with T2D+ as compared with 
those with NGT, IGT and T2D−. These findings were 
surprising given we have previously demonstrated that 
individuals in the early phase of type 2 diabetes had an 
augmented muscle sympathetic drive characterized by 
higher MSNA levels.18 These differences in MSNA levels 

https://dx.doi.org/10.1136/bmjdrc-2018-000606
https://dx.doi.org/10.1136/bmjdrc-2018-000606
https://dx.doi.org/10.1136/bmjdrc-2018-000606
https://dx.doi.org/10.1136/bmjdrc-2018-000606
https://dx.doi.org/10.1136/bmjdrc-2018-000606
https://dx.doi.org/10.1136/bmjdrc-2018-000606
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Table 1 Demographic and biochemical characteristics between groups (n=54)

Variable NGT (n=10) IGT (n=15) T2D− (n=12) T2D+ (n=17) P value*
Tukey post 
hoc analysis

Age, years 59 (8) 57 (5) 58 (3) 63 (8) 0.08

Male sex 3 (30%) 6 (40%) 3 (25%) 8 (47%) 0.65

Anthropometric measurements

Weight, kg 84.3 (15) 91.6 (14) 91.5 (18) 85.6 (11) 0.4

Body mass index, kg/
m2

29.6 (5) 31.6 (2) 32 (4) 30 (5) 0.3

Clinic hemodynamic measurements

Systolic blood 
pressure, mm Hg

135 (14) 122 (14) 133 (20) 136 (13) 0.04 †

Diastolic blood 
pressure, mm Hg

76 (7) 69 (8) 71 (11) 78 (12) 0.05

Heart rate, beats per 
minute

64 (7) 63 (9) 60 (10) 74 (12) 0.002 †, ‡

Fasting lipid profile, mmol/L

Total cholesterol 5.9 (1) 5.3 (0.9) 5.6 (0.7) 4.2 (1) 0.0001 ††, ‡, §

High-density 
lipoprotein

1.5 (0.3) 2.5 (1) 1.9 (1) 1.3 (0.3) 0.001 †, ¶

Low-density lipoprotein 3.8 (0.9) 2.1 (1) 2.9 (1.5) 2.2 (1) 0.002 §, ¶

Triglyceride 1.4 (0.5) 1.5 (0.8) 1.7 (0.7) 1.7 (0.9) 0.6

Fasting serum glucose 
mmol/L

5.0 (0.5) 5.4 (0.5) 5.98 (1.6) 6.9 (1.9) 0.02 †

HbA1c %(mmol/mol)       7.2 (55) (1.72)

CRP, mg/ L 2.1 (1.6) 2.3 (1.8) 2.8 (1.6) 1.9 (1) 0.4

24 hours urine biochemistry excretion

Sodium, mmol/24 
hours (range)

111 (20) (71–148) 122 (23) (73–150) 98 (27) (50–133) 110 (26) (36–145) 0.1

Potassium, mmol/24 
hours (range)

70 (21) (36–98.5) 87 (24) (49–144) 74 (21) (48–118) 72 (30) (35–134) 0.3

Data is expressed as mean (SD) or number (percentage) as indicated.
The following symbols indicate Tukey post hoc significance: (†) IGT versus T2D+; (‡) T2D− versus T2D+; (§) NGT versus T2D+; (¶) NGT 
versus IGT; (**) NGT versus T2D−; (††) IGT versus T2D−
*The p values are derived from one-way analysis of variance. Bold values indicate statistical significance.
BEI, baroreflex effectiveness index; HbA1c, glycosylated hemoglobin A1c; IGT, impaired glucose tolerance; MSNA, muscle sympathetic 
nerve activity; PAT, pulse amplitude tonometry; RHI, Reactive Hyperemic Index; T2D−, treatment naive type 2 diabetes; T2D+, treated type 2 
diabetes.

Cardiovascular and metabolic risk

between the current and previous study18 are unlikely 
to be due to differences in the duration of diabetes 
as in a separate study; MSNA was demonstrated to be 
higher in individuals, with established type 2 diabetes,28 
with a duration of 22 years, regardless of blood pres-
sure status,29 compared with the non-diabetes popula-
tion. Sodium intake was, however, different between 
the current and previous studies.18 28 Sodium intake in 
the present study was lower, in order to be in line with 
current dietary recommendations,9 in comparison to 
the previous studies.18 29 Differences in insulin levels 
or other unmeasured factors such as fitness levels may 
have played a role.

Overall, the role of sodium on the sympathetic 
nervous system remains largely unresolved. Previously, 

in the non-diabetes population, a low sodium intake 
has been associated with an increase in MSNA.30 31 
Additionally, in studies utilizing other methodologies 
to assess sympathetic activity, such as catecholamines, 
results are again inconsistent with the demonstration 
of low sodium intake either increasing plasma cate-
cholamines17 and renal norepinephrine spillover to 
plasma32 or being associated with no significant alter-
ations in plasma norepinephrine.33 The observation 
from this study, of MSNA being lower in the more 
established diabetes group as compared with the other 
groups in the setting of a low sodium intake, adds to the 
uncertainty surrounding the role of sodium on sympa-
thetic activity and deserves further evaluation. Using 
a combination of the MSNA and urinary or plasma 
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Table 2 Detailed demographic characteristics of treated 
diabetes participants (n=17)

Variable Total participants

Pre-existing comorbidities

  Hypertension 15 (88%)

  Dyslipidemia 16 (94%)

  Ischemic heart disease 4 (23 %)

  Atrial fibrillation 0 (0 %)

  Stroke 2 (11.8 %)

  Transient ischemic attack 1 (6%)

  Peripheral vascular disease 1 (6 %)

Diabetic microvascular complications

  Diabetic retinopathy 5 (29 %)

  Diabetic kidney disease 7 (41 %)

Types of dyslipidemia medication

  Statin 14 (82 %)

  Fibrate 1 (6 %)

  Ezetimibe 1 (6 %)

Antihypertensive medication use during trial

  Beta blocker 2 (11.8%)

  Calcium channel blocker 5 (29 %)

  Thiazide diuretic 1 (6 %)

Types of diabetes medication

  Metformin 16 (94%)

  Sulfonylurea 4 (23 %)

  Dipeptidyl peptidase 4 inhibitor 1 (6 %)

  Glucagon-like peptide 1 receptor 
agonist

2 (11.8 %)

  Thiazoledinedione 0 (0%)

  Acarbose 1 (6 %)

  Insulin basal 2 (11.8 %)

  Insulin bolus 2 (11.8 %)

  Insulin premix 2 (11.8 %)

Smoking status

  Currently not smoking 10 (58 %)

  Currently smoking 3 (17.6%)

  Previous smoking 5 (29 %)

Data are expressed as number (percentage).

Figure 1 Comparison of sympathetic activity, endothelial 
function and baroreflex sensitivity between differing 
metabolic risk categories (n=54). Data is expressed as the 
mean (±SD). (A) MSNA incidence. (B) Baroreflex function. (C) 
Endothelial function PAT ratio. (D) Endothelial function RHI. 
The p values are derived from one-way analysis of variance. 
Bold values indicate statistical significance. The following 
symbols indicate Tukey post hoc significance: (*) NGT versus 
IGT; (**) NGT versus T2D-; (***) NGT versus T2D+; (†) IGT 
versus T2D−; (††) IGT versus T2D+; (‡) T2D− versus T2D+. 
BEI, Baroreflex Effectiveness Index; IGT, impaired glucose 
tolerance; MSNA, muscle sympathetic nerve activity; PAT, 
pulse amplitude tonometry; RHI, Reactive Hyperemic Index; 
T2D−, treatment naive type 2 diabetes; T2D+, treated type 2 
diabetes.

Cardiovascular and metabolic risk

catecholamines, to assess cause and effect would be 
prudent to further validate our findings.

endothelial, baroreflex and heart rate function were impaired 
in the treated diabetes group in the setting of low sodium 
intake
Despite the low sodium intake and the enhanced sympa-
thetic activity as aforementioned, the T2D+ group demon-
strated a lower PAT ratio and a trend for a lower reactive 
hyperemic index, suggestive of endothelial dysfunction.24 
Additionally, a lower baroreflex effectiveness index was 

observed in the T2D+ group, suggestive of an impaired 
baroreflex function. This is consistent with previous reports 
demonstrating a reduced baroreflex function in individuals 
with type 2 diabetes.18 However, the impaired baroreflex 
function comes as a surprise as physiologically baroreflex 
function usually decreases in the presence of sympathetic 
hyperactivity; yet, in the present study, we demonstrated 
lower sympathetic activity in the T2D+ group. Likewise, 
while expecting a lower heart rate in the T2D+ group given 
the lower sympathetic activity, in the present study, heart 
rate was higher in the T2D+ group which is consistent with 
previous reports of individuals with higher fasting glucose 
demonstrating higher resting heart rate.34 As possible 
adverse health outcomes may be associated with low 
sodium intake in individuals with diabetes10 11 and given 
an impaired endothelium15 and baroreflex35 as well as an 
increased heart rate34 are known to be independent risk 
factors for increased cardiovascular and all-cause mortality, 
the observations from the present study are important to 
further characterize in future studies.

Unraveling the answers to the above mechanistic concerns 
remains difficult. Previously, Dickinson et al suggested that 
a low sodium diet increased flow-mediated dilatation36 in 
the non-diabetes population. However, reactive hyperemic 
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index was unaffected.37 Similarly, the role of dietary sodium 
is unclear on baroreflex function. While previous findings 
have demonstrated reduced baroreflex sensitivity occurred 
in those with a high sodium intake, based on dietary 
recall,38 Couruzi et al39 demonstrated the opposite, in that 
a high sodium diet improved spontaneous arterial barore-
flex sensitivity. Concerning heart rate, former studies, in 
individuals without diabetes, have demonstrated similar 
findings of a low sodium intake leading to higher rate40 
and a high sodium intake was found to lower heart rate 
in hypertensive39 individuals. However, other studies have 
demonstrated no significant increase in heart rate with 
lowering of sodium intake.30 Overall, the differences in 
methodology and assessment of sodium intake as well as 
paucity of studies evaluating the high-risk diabetes popula-
tion need to be addressed in larger cross-sectional or inter-
ventional trials to further elucidate the role of sodium on 
endothelial and baroreflex function.

The impact of pharmacological agents used in the treated 
type 2 diabetes group on the clinical investigations
As we have previously demonstrated an association 
between circulating lipid species and central sympathetic 
outflow41 and others have shown that statin therapy is 
capable of reducing sympathetic nervous activity,42 the 
high use of statin therapy in the T2D+ group, as compared 
with no use of statin therapy in the other groups, may have 
contributed to their lowered MSNA levels observed in 
this study.42 Additionally, the use of antidiabetic therapy 
in the T2D+ group, which was an unavoidable difference, 
may have impacted the findings. However, participants in 
the study by Huggett et al29 were also mainly treated with 
metformin; yet, no differences in MSNA were observed 
in those with or without metformin therapy. Additionally 
given and metformin43 and statin therapy44 may be associ-
ated with improved endothelial function, it would there-
fore be expected for the T2D+ group to have had better 
endothelial function parameters than were observed. 
Thus, overall, in the present study, it is deemed unlikely 
that statin therapy or metformin use played a significant 
role in lowering sympathetic activity.

strengths and limitations of the study
The study being cross-sectional in design limits insight 
into causality. As sodium intake was required to meet the 
public health guidelines criteria of less than 2300 mg per 
day (100 mmol/24 hours),9 many people did not meet 
these criteria. This is not surprising given the challenges 
faced in achieving population-wide sodium restriction 
targets, especially in people with type 2 diabetes.20 We 
acknowledge that we did not have an average or a high 
sodium intake group as a comparator. However, this study 
was conducted to help understand endothelial function 
and sympathetic nervous activity in individuals with low 
sodium intake along the glucose continuum given we 
have previously demonstrated the association of lower 
sodium intake and adverse cardiovascular outcomes 
when 24hUNa excretion was <150 mmol/24 hours in 

people with type 2 diabetes.10 Measurement of aldoste-
rone and plasma renin levels to further assess the effect 
of RAAS and plasma catecholamines to assess sympa-
thetic nervous system activity would have been advanta-
geous. Other important factors that may influence the 
sympathetic nervous system activity and heart rate, such 
as fitness levels and fasting and postprandial insulin 
levels, would have been ideal to have available for all 
groups. While these measurements were available from 
our previous study18 in the NGT, IGT and T2D− group, 
they were not available in the T2D+ group. These afore-
mentioned factors could be incorporated into future 
studies in this area.

While autonomic dysfunction can be estimated from 
indirect measurements such as heart rate variability, we 
utilized microneurography in the present study, which is 
considered to be the reference method for assessing sympa-
thetic activity.45 Only a few other studies, such as those from 
our group18 and others,28 29 have utilized this technique in 
people with diabetes. However, as we only examined sympa-
thetic outflow to skeletal muscle, we cannot translate these 
findings to other organs. Utilizing 24hUNa is considered 
a further strength given it is considered the most reliable 
method for estimating sodium intake.46 Endothelial func-
tion was measured in the peripheral digits rather than the 
coronary circulation; however, EndoPAT has been shown 
to provide a high degree of sensitivity and specificity when 
compared with the assessment of coronary artery endothe-
lial function cardiovascular events.24

ConClusIons
The present study makes noteworthy contributions, 
demonstrating that despite the lower sympathetic activity 
in individuals with treated type 2 diabetes, endothelial 
function, baroreflex function and heart rate were impaired 
as compared with those with NGT, IGT and treatment 
naive type 2 diabetes. This occurred even though indi-
viduals with treated type 2 diabetes were appropriately 
managed for their cardiometabolic risk factors and, impor-
tantly, adhered to recommended sodium intake guidelines. 
Interventional studies aimed at looking at the association 
between the sympathovascular systems are required, if the 
debate surrounding the role of sodium on cardiovascular 
health is to be moved forward.

Author affiliations
1Endocrinology, Austin Health, Heidelberg, Victoria, Australia
2Department of Human Neurotransmitters Laboratory, Baker IDI Heart and Diabetes 
Institute, Melbourne, Victoria, Australia
3Faculty of Health, Arts and Design, Iverson Health Innovation Research Institute, 
Swinburne University of Technology, Melbourne, Victoria, Australia
4Vascular and Hypertension, Obesity Research, Baker IDI Heart and Diabetes 
Institute, Melbourne, Victoria, Australia
5Faculty of Medicine, Nursing and Health Sciences, Monash University, Melbourne, 
Victoria, Australia
6Department of Endocrinology, Austin Health, Heidelberg, Victoria, Australia
7Department of Medicine, University of Melbourne, Melbourne, Victoria, Australia

Acknowledgements We thank our study participants, the Endocrinology 
Department at Austin Health and the Human Neurotransmitter Laboratory, Baker 



8 BMJ Open Diab Res Care 2019;7:e000606. doi:10.1136/bmjdrc-2018-000606

Cardiovascular and metabolic risk

IDI for access to the databases and the respective pathology laboratories for blood 
and urine biochemical analysis. We are grateful to Ms Carolina Saki and Ms Robyn 
Hemmes for assistance provided to Dr Lambert during microneurography and 
EndoPAT testing.

Contributors SB, EIE and EL conceived the study and selected participants from 
the Department of Endocrinology, Austin Health and the Human Neurotransmitter 
Laboratory, Baker IDI databases respectively and interpreted the data. SB, NS 
and YWK collected clinical data. EL performed microneurographic recordings and 
analyses. SB performed the statistical analyses, wrote and revised the manuscript. 
All authors critically read and approved the final content of the manuscript. SB is 
the guarantor of this work and, as such, had full access to all the data in the study 
and takes responsibility for the integrity of the data and the accuracy of the data 
analysis.

Funding EIE was supported by an NHMRC Early Career Research Fellowship 
(#1054312), Viertel Clinical Investigatorship, Sir Edward Weary Dunlop Medical 
Research Foundation grant, Royal Australian College of Physicians fellowship and 
Diabetes Australia Research Program Grant. SB was supported by a National Heart 
Foundation Health Professional Scholarship (100287).

Competing interests None declared.

Patient consent for publication Not required.

ethics approval The study protocol was approved by the Human Research Ethics 
Committee at the Austin Health as well the Baker Heart and Diabetes Institute and 
Alfred Health.

Provenance and peer review Not commissioned; externally peer reviewed.

data sharing statement There is no additional data from this study.

open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the 
use is non-commercial. See: http:// creativecommons. org/ licenses/ by- nc/ 4. 0/.

RefeRences
 1. Ogurtsova K, da Rocha Fernandes JD, Huang Y, et al. IDF diabetes 

atlas: global estimates for the prevalence of diabetes for 2015 and 
2040. Diabetes Res Clin Pract 2017;128: :40–50.

 2. Mathers CD, Loncar D. Projections of global mortality and burden of 
disease from 2002 to 2030. PLoS Med 2006;3:e442.

 3. WHO. Prevention of cardiovascular disease: guidelines for 
assessment and management of cardiovascular risk, 2007.

 4. Duckworth W, Abraira C, Moritz T, et al. Glucose control and 
vascular complications in veterans with type 2 diabetes. N Engl J 
Med 2009;360:129–39.

 5. Gerstein HC, Miller ME, Byington RP, et al. Effects of 
intensive glucose lowering in type 2 diabetes. N Engl J Med 
2008;358:2545–59.

 6. Patel A, MacMahon S, Chalmers J, et al. Intensive blood glucose 
control and vascular outcomes in patients with type 2 diabetes. N 
Engl J Med 2008;358:2560–72.

 7. Lopez AD, Mathers CD, Ezzati M, et al. Global and regional burden 
of disease and risk factors, 2001: systematic analysis of population 
health data. Lancet 2006;367:1747–57.

 8. He FJ, Li J, Macgregor GA. Effect of longer term modest salt 
reduction on blood pressure: cochrane systematic review and meta-
analysis of randomised trials. BMJ 2013;346:f1325.

 9. American Diabetes Association. 4. Lifestyle Management: Standards 
of Medical Care in Diabetes-2018. Diabetes Care 2018;41(Suppl 
1):S38–S50.

 10. Ekinci EI, Clarke S, Thomas MC, et al. Dietary salt intake 
and mortality in patients with type 2 diabetes. Diabetes Care 
2011;34:703–9.

 11. Thomas MC, Moran J, Forsblom C, et al. The association between 
dietary sodium intake, ESRD, and all-cause mortality in patients with 
type 1 diabetes. Diabetes Care 2011;34:861–6.

 12. Strom BL, Anderson CAM, Ix JH. Sodium reduction in populations: 
insights from the Institute of medicine Committee. JAMA 
2013;310:31–2.

 13. Schlaich MP, Kaye DM, Lambert E, et al. Relation between cardiac 
sympathetic activity and hypertensive left ventricular hypertrophy. 
Circulation 2003;108:560–5.

 14. Valensi P, Pariès J, Attali JR, et al. Cardiac autonomic neuropathy 
in diabetic patients: influence of diabetes duration, obesity, and 

microangiopathic complications--the French multicenter study. 
Metabolism 2003;52:815–20.

 15. Edwards DG, Farquhar WB. Vascular effects of dietary salt. Curr 
Opin Nephrol Hypertens 2015;24:8–13.

 16. Wheeler SG, Ahroni JH, Boyko EJ. Prospective study of autonomic 
neuropathy as a predictor of mortality in patients with diabetes. 
Diabetes Res Clin Pract 2002;58:131–8.

 17. Graudal NA, Galløe AM, Garred P. Effects of sodium restriction on 
blood pressure, renin, aldosterone, catecholamines, cholesterols, 
and triglyceride: a meta-analysis. JAMA 1998;279:1383–91.

 18. Straznicky NE, Grima MT, Sari CI, et al. Neuroadrenergic dysfunction 
along the diabetes continuum: a comparative study in obese 
metabolic syndrome subjects. Diabetes 2012;61:2506–16.

 19. Cobb LK, Anderson CAM, Elliott P, et al. Methodological issues in 
cohort studies that relate sodium intake to cardiovascular disease 
outcomes: a science Advisory from the American Heart Association. 
Circulation 2014;129:1173–86.

 20. Ekinci EI, Cheong KY, Dobson M, et al. High sodium and low 
potassium intake in patients with type 2 diabetes. Diabet Med 
2010;27:1401–8.

 21. American Diabetes Association. 2. Classification and diagnosis of 
diabetes. Diabetes Care 2015;38(Suppl 1):S8–S16.

 22. Stowasser M, Taylor PJ, Pimenta E, et al. Laboratory investigation of 
primary aldosteronism. Clin Biochem Rev 2010;31:39–56.

 23. Lambert E, Sari CI, Dawood T, et al. Sympathetic nervous system 
activity is associated with obesity-induced subclinical organ damage 
in young adults. Hypertension 2010;56:351–8.

 24. Rubinshtein R, Kuvin JT, Soffler M, et al. Assessment of 
endothelial function by non-invasive peripheral arterial tonometry 
predicts late cardiovascular adverse events. Eur Heart J 
2010;31:1142–8.

 25. Hamburg NMet al. Cross-sectional relations of digital vascular 
function to cardiovascular risk factors in the Framingham Heart 
study. Lippincott Williams & Wilkins, WK Health, 2008: 2467.

 26. Parati G, Di Rienzo M, Mancia G. Dynamic modulation of 
baroreflex sensitivity in health and disease. Ann N Y Acad Sci 
2001;940:469–87.

 27. McIntosh SJ, Lawson J, Kenny RA. Intravenous cannulation alters 
the specificity of head-up tilt testing for vasovagal syncope in elderly 
patients. Age Ageing 1994;23:317–9.

 28. Huggett RJ, Scott EM, Gilbey SG, et al. Disparity of autonomic 
control in type 2 diabetes mellitus. Diabetologia 2005;48:172–9.

 29. Huggett RJ, Scott EM, Gilbey SG, et al. Impact of type 2 diabetes 
mellitus on sympathetic neural mechanisms in hypertension. 
Circulation 2003;108:3097–101.

 30. Grassi G, Dell'Oro R, Seravalle G, et al. Short- and long-term 
neuroadrenergic effects of moderate dietary sodium restriction in 
essential hypertension. Circulation 2002;106:1957–61.

 31. Anderson EA, Sinkey CA, Lawton WJ, et al. Elevated sympathetic 
nerve activity in borderline hypertensive humans. Evidence from 
direct intraneural recordings. Hypertension 1989;14:177–83.

 32. Friberg P, Meredith I, Jennings G, et al. Evidence for increased 
renal norepinephrine overflow during sodium restriction in humans. 
Hypertension 1990;16:121–30.

 33. He FJ, MacGregor GA. Effect of modest salt reduction on blood 
pressure: a meta-analysis of randomized trials. Implications for 
public health. J Hum Hypertens 2002;16:761–70.

 34. Ho JE, Larson MG, Ghorbani A, et al. Long-term cardiovascular risks 
associated with an elevated heart rate: the Framingham Heart study. 
J Am Heart Assoc 2014;3:e000668.

 35. La Rovere MT, Bigger JT, Marcus FI, et al. Baroreflex sensitivity and 
heart-rate variability in prediction of total cardiac mortality after 
myocardial infarction. ATRAMI (autonomic tone and reflexes after 
myocardial infarction) Investigators. Lancet 1998;351:478–84.

 36. Dickinson KM, Keogh JB, Clifton PM. Effects of a low-salt diet on 
flow-mediated dilatation in humans. Am J Clin Nutr 2009;89:485–90.

 37. Dickinson KM, Clifton PM, Keogh JB. Endothelial function is 
impaired after a high-salt meal in healthy subjects. Am J Clin Nutr 
2011;93:500–5.

 38. Pal GK, Chandrasekaran A, Pal P, et al. Prehypertension status, 
cardiometabolic risks, and decreased baroreflex sensitivity are linked 
to sympathovagal imbalance in salt-preferring individuals. Clin Exp 
Hypertens 2015;37:609–15.

 39. Coruzzi P, Parati G, Brambilla L, et al. Effects of salt sensitivity 
on neural cardiovascular regulation in essential hypertension. 
Hypertension 2005;46:1321–6.

 40. Graudal NA, Hubeck-Graudal T, Jürgens G. Reduced dietary sodium 
intake increases heart rate. A meta-analysis of 63 randomized 
controlled trials including 72 study populations. Front Physiol 
2016;7.

http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.1016/j.diabres.2017.03.024
http://dx.doi.org/10.1371/journal.pmed.0030442
http://dx.doi.org/10.1056/NEJMoa0808431
http://dx.doi.org/10.1056/NEJMoa0808431
http://dx.doi.org/10.1056/NEJMoa0802743
http://dx.doi.org/10.1056/NEJMoa0802987
http://dx.doi.org/10.1056/NEJMoa0802987
http://dx.doi.org/10.1016/S0140-6736(06)68770-9
http://dx.doi.org/10.1136/bmj.f1325
http://dx.doi.org/10.2337/dc18-S004
http://dx.doi.org/10.2337/dc10-1723
http://dx.doi.org/10.2337/dc10-1722
http://dx.doi.org/10.1001/jama.2013.7687
http://dx.doi.org/10.1161/01.CIR.0000081775.72651.B6
http://dx.doi.org/10.1016/S0026-0495(03)00095-7
http://dx.doi.org/10.1097/MNH.0000000000000089
http://dx.doi.org/10.1097/MNH.0000000000000089
http://dx.doi.org/10.1016/S0168-8227(02)00128-6
http://dx.doi.org/10.1001/jama.279.17.1383
http://dx.doi.org/10.2337/db12-0138
http://dx.doi.org/10.1161/CIR.0000000000000015
http://dx.doi.org/10.1111/j.1464-5491.2010.03111.x
http://dx.doi.org/10.2337/dc15-S005
http://www.ncbi.nlm.nih.gov/pubmed/20498828
http://dx.doi.org/10.1161/HYPERTENSIONAHA.110.155663
http://dx.doi.org/10.1093/eurheartj/ehq010
http://dx.doi.org/10.1111/j.1749-6632.2001.tb03699.x
http://dx.doi.org/10.1093/ageing/23.4.317
http://dx.doi.org/10.1007/s00125-004-1601-6
http://dx.doi.org/10.1161/01.CIR.0000103123.66264.FE
http://dx.doi.org/10.1161/01.CIR.0000033519.45615.C7
http://dx.doi.org/10.1161/01.HYP.14.2.177
http://dx.doi.org/10.1161/01.HYP.16.2.121
http://dx.doi.org/10.1038/sj.jhh.1001459
http://dx.doi.org/10.1161/JAHA.113.000668
http://www.ncbi.nlm.nih.gov/pubmed/9482439
http://dx.doi.org/10.3945/ajcn.2008.26856
http://dx.doi.org/10.3945/ajcn.110.006155
http://dx.doi.org/10.3109/10641963.2015.1036059
http://dx.doi.org/10.3109/10641963.2015.1036059
http://dx.doi.org/10.1161/01.HYP.0000189183.50301.5c
http://dx.doi.org/10.3389/fphys.2016.00111


9BMJ Open Diab Res Care 2019;7:e000606. doi:10.1136/bmjdrc-2018-000606

Cardiovascular and metabolic risk

 41. Eikelis N, Lambert EA, Phillips S, et al. Muscle sympathetic nerve 
activity is associated with elements of the plasma lipidomic profile in 
young Asian adults. J Clin Endocrinol Metab 2017;102:2059–68.

 42. Lewandowski J, Symonides B, Gaciong Z, et al. The effect of 
statins on sympathetic activity: a meta-analysis. Clin Auton Res 
2015;25:125–31.

 43. de Jager J, Kooy A, Schalkwijk C, et al. Long-term effects of 
metformin on endothelial function in type 2 diabetes: a randomized 
controlled trial. J Intern Med 2014;275:59–70.

 44. Beckman JA, Creager MA. The nonlipid effects of statins on 
endothelial function. Trends Cardiovasc Med 2006;16:156–62.

 45. Bertisch SM, Taylor JA. Caveat utilitor: take measure of your marker. 
J Physiol 2011;589.

 46. Holbrook JT, Patterson KY, Bodner JE, et al. Sodium and potassium 
intake and balance in adults consuming self-selected diets. Am J 
Clin Nutr 1984;40:786–93.

http://dx.doi.org/10.1210/jc.2016-3738
http://dx.doi.org/10.1007/s10286-015-0274-1
http://dx.doi.org/10.1111/joim.12128
http://dx.doi.org/10.1016/j.tcm.2006.03.003
http://dx.doi.org/10.1113/jphysiol.2011.221770
http://dx.doi.org/10.1093/ajcn/40.4.786
http://dx.doi.org/10.1093/ajcn/40.4.786

	Comparison of endothelial function and sympathetic nervous system activity along the glucose continuum in individuals with differing metabolic risk profiles and low dietary sodium intake
	Abstract
	Introduction
	Methods
	Study design and recruitment of participants
	Endpoints
	Plasma and 24-hour urine biochemical measurements
	Clinical investigations
	Statistics and data analysis

	Results
	Participants
	Anthropometric, hemodynamic, and biochemical characteristics of the participants
	Assessment of sympathetic activity, endothelial and cardiac baroreflex function, along the glucose continuum

	Discussion
	Key findings
	Individuals with treated type 2 diabetes with low sodium intake demonstrated lower sympathetic activity
	Endothelial, baroreflex and heart rate function were impaired in the treated diabetes group in the setting of low sodium intake
	The impact of pharmacological agents used in the treated type 2 diabetes group on the clinical investigations
	Strengths and limitations of the study

	Conclusions
	References


