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Abstract Worldwide, the number of patients with diabetes
is increasing. Adults with diabetes have a two- to threefold
increased risk of heart attack and stroke, and diabetic
nephropathy is a leading cause of end-stage renal failure.
Salt sensitivity of blood pressure is reported to be elevated
in patients with diabetes. Hyperinsulinemia, hyper-
glycemia, and an activated sympathetic nervous system
play key roles in the genesis of salt-sensitive blood pres-
sure in individuals who are obese and/or have type 2 dia-
betes. In this review, I summarize previous research
performed to improve our understanding of the relationship
between salt and hypertension in diabetic patients.
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Introduction

Diabetes mellitus and hypertension are common age-as-
sociated diseases. The National Nutrition Survey in Japan
showed that in 2014 the overall prevalence of hypertension
and that of diabetes among Japanese adults >70 years of
age were 71.4 and 20.9%, respectively. An elevated blood
pressure markedly increases the risks and accelerates the
courses of cardiovascular diseases, stroke, kidney disease,
and retinopathy in diabetic patients [1]. In addition, the
presence of diabetes is strongly and independently
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associated with hypertension [2]. There is increasing evi-
dence to suggest that insulin resistance (hyperinsulinemia)
and hyperglycemia stimulate renal sodium absorption and
play key roles in the pathogenesis of hypertension in
patients with type 2 diabetes [3, 4]. Thus, an improved
understanding of the relationship between salt and hyper-
tension in diabetic patients may help to reduce the com-
plications associated with diabetes.

Type 2 diabetes and the salt sensitivity of blood
pressure

It is well established that there is a positive correlation
between dietary salt intake and blood pressure [5]. How-
ever, the response of blood pressure to a changing salt
intake—known as “sodium sensitivity”—is variable and
can be affected by a number of factors, including race, age,
sex, central obesity, and chronic renal disease [6, 7]. Such
heterogeneity of blood pressure responsiveness has been
demonstrated in both normotensive and hypertensive sub-
jects [8]. In addition, animal experiments have shown that
the sodium sensitivity of blood pressure is associated with
a decrease in glomerular filtration or an increase in the rate
of sodium reabsorption in the tubules [6]. The sodium
sensitivity of blood pressure is reported to be enhanced in
patients with type 2 diabetes and/or metabolic syndrome,
regardless of their underlying renal function. Rocchini
et al. found that a high salt intake caused a substantial
increase in blood pressure in obese adolescents and that the
effect of salt on blood pressure was diminished following
successful weight reduction [3]. We also found that central
obesity was independently associated with an increase in
the sodium sensitivity of blood pressure [9]. The potential
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mechanisms linking type 2 diabetes and the salt sensitivity
of blood pressure are discussed below.

Hyperinsulinemia

The effects of insulin or insulin resistance on renal sodium
reabsorption have been studied since the 1970s. Strazzullo
et al. estimated the proximal and distal fractional sodium
reabsorption based on exogenous lithium clearance and
found that sodium reabsorption in the proximal tubules was
associated with the body mass index, waist circumference,
and blood pressure [10]. Barbato et al. reported that the
proximal sodium re-absorption rate was inversely associ-
ated with an insulin resistance index, HOMA-IR [11]. The
effect of insulin infusion on the excretion of sodium—but
not on the peripheral glucose uptake—was reported to be
similar in obese (insulin-resistant) and non-obese subjects
[12]. In animal models, insulin has been shown to have
stimulatory effects on the sodium reabsorption of the
proximal tubules, the loop of Henle, and the distal tubules.
Insulin treatment was reported to cause greater epithelial
sodium channel (ENaC) activity in wild-type mice, but not
mice that specifically lacked insulin receptors in the prin-
cipal cells of the collecting duct [13]. These findings
indicate that in patients with type 2 diabetes—despite the
presence of insulin resistance to carbohydrate metabo-
lism—the response to insulin is not impaired upon the
excretion of sodium, and renal sodium reabsorption is
enhanced by hyperinsulinemia.

Hyperglycemia

In addition to hyperinsulinemia, hyperglycemia stimulates
the reabsorption of sodium by the tubules. In normal con-
ditions, the kidneys filter 140-160 g of glucose and re-
absorb the same amount of glucose each day. Since the
tubular uptake of glucose occurs in the proximal tubules
via sodium/glucose cotransporters, a large amount of
sodium is reabsorbed with glucose in the proximal tubules.
Hyperglycemia enhances the amount of filtered glucose
and is reported to increase the capacity for glucose reab-
sorption. In diabetes, the daily tubular reabsorption of
glucose is elevated to 500-600 g and sodium reabsorption
in the proximal tubules is enhanced.

Sympathetic nervous system activity

The sympathetic nervous system (SNS) contributes to
sodium retention and hypertension because adrenergic
blockade or renal denervation markedly attenuates these
changes. Even in normotensive subjects, muscle sympa-
thetic nerve activity [14] and the SNS activity of the kid-
neys [15] of obese individuals are reported to be higher

than in non-obese individuals. Several mediators of SNS
activation in obese individuals and/or type 2 diabetes
patients have been suggested, including (1) hyperleptine-
mia, (2) the activation of the renin—angiotensin—aldos-
terone system (RAAS), (3) impaired baroreceptor reflexes,
and (4) sleep-apnea-induced hypoxia.

Reduced renal blood flow and increased renal tubular
reabsorption of sodium are the major mechanisms of the
anti-natriuretic effects of the SNS. Fujita et al. reported that
with-no-lysine kinase 4 (WNK4), a negative regulator of
the thiazide-sensitive sodium chloride cotransporter
(NCC), was a key regulator of the renal SNS and the
tubular reabsorption of sodium [16, 17]. They found that
continuous infusion of norepinephrine downregulates the
expression of WNK4 and upregulates NCC in mice, lead-
ing to salt-induced BP elevation. These findings indicate
that the B-adrenergic receptor plays a key role, via the SNS,
in the genesis of salt-sensitive hypertension.

Glomerular ultrafiltration coefficient

A decrease in the whole-kidney ultrafiltration coefficient
could increase the sodium sensitivity of blood pressure in
black and glomerulonephritic patients with essential
hypertension. Glomerular basement membrane thickening,
the first measurable change, has been detected at as early as
1.5-2.5 years after the onset of type 1 diabetes [18].
Glomerular basement membrane thickening has also been
found in type 2 diabetes patients with preserved renal
function [18]. This ultrastructural change could alter fil-
tration and hydraulic conductivity and reduce the whole-
kidney ultrafiltration coefficient. Previous studies have
shown that hydraulic conductivity was progressively
decreased in model animals and patients with diabetic
nephropathy [19, 20]. These findings indicate that the
whole-kidney ultrafiltration coefficient is reduced, even in
the early phase of diabetes.

Circadian rhythm and the salt sensitivity of blood
pressure in type 2 diabetes

In patients with essential hypertension, it has been
hypothesized that the lack of a nocturnal fall in blood
pressure (non-dippers) is associated with cardiovascular
damage that is more serious than that observed in patients
in whom the blood pressure falls during the night (dippers).
We found that the blood pressure of patients with sodium-
sensitive hypertension failed to fall during the night, and
that both sodium restriction and diuretics shifted the cir-
cadian rhythm of the blood pressure, resulting in non-dip-
pers becoming dippers [21, 22]. Insulin resistance was
reported to be independently associated with a smaller fall
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in nocturnal blood pressure in patients with essential
hypertension [23]. Even in normotensive individuals, a
non-dipper status was common and glucose abnormality
was associated with the impairment of the nocturnal fall in
blood pressure [24]. We also reported that excessive intake
of salt causes non-dipping and that the administration of
diuretics restored the nocturnal fall in the BP of type 2
diabetic patients who were treated with angiotensin 2
receptor blockers [7]. Furthermore, we reported that
masked hypertension was common in patients with type 2
diabetes and that excessive sodium intake was an inde-
pendent risk factor for masked hypertension [25]. These
findings indicate that excessive sodium intake may increase
cardiovascular risk through several mechanisms, and that
an elevated blood pressure disturbs the circadian blood
pressure rhythm. In patients with sodium-sensitive hyper-
tension, elevated blood pressure and a diminished noctur-
nal blood pressure decline (non-dipper) can be rectified by
sodium restriction (Fig. 1). Therefore, sodium restriction
may have an additional therapeutic advantage in that it
reduces the risk for renal and/or cardiovascular
complications.

Sodium restriction in type 2 diabetes

Observational studies have indicated that excessive salt
intake is associated with increased blood pressure. In
addition, many interventional studies have shown the
hypotensive effects of salt reduction. In the TONE study,
salt restriction to 5.6 g per day was required to maintain
normal blood pressure after the discontinuation of antihy-
pertensive drugs [26]. The American Diabetes Association
recommends that people with diabetes should limit sodium
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Fig. 1 Relationship between high salt intake and target organ
damage in salt-sensitive hypertension. Sodium restriction can result
in a reduction in blood pressure and restore the disturbed blood
pressure rhythm (non-dipper)
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consumption to 2300 mg/day (5.84 g NaCl), and it states
that lowering the sodium intake (i.e., to 1500 mg/day) may
improve blood pressure in certain circumstances [27]
because The American Heart Association recommends an
intake of 1500 mg/day (3.8 g NaCl/day) for African
Americans, people who are diagnosed with hypertension,
diabetes, or chronic kidney disease, and people who are
older than 51 years of age. In Japan, the guidelines on the
management of hypertension with diabetes mellitus rec-
ommend strict blood pressure control to maintain a blood
pressure of below 130/80 mmHg; nondrug therapies such
as weight control, exercise therapy, and salt restriction
(<6 g per day) are the principal treatment [1].

However, several prospective cohort studies have found
that lower urinary sodium excretion is not associated with
decreased mortality [28, 29]. The activation of the RAAS
or SNS and increased levels of catecholamine under the
condition of strict sodium restriction may be associated
with this adverse outcome. In a recent randomized double-
blind trial [30], modest salt restriction (from 9.7 to 6.8 g
NaCl) led to a reduction in blood pressure and urinary
albumin excretion without a change in insulin sensitivity in
subjects with impaired glucose tolerance or type 2 diabetes.
Although there is a lack of solid evidence regarding the
recommended daily sodium intake for diabetics, reducing
the sodium intake to the recommended level of 6 g/day can
be expected to achieve a reduction in blood pressure and to
slow the progression of nephropathy.

Antidiabetic agents and the salt sensitivity of blood
pressure

Incretin-related drugs

It is well established that the glucagon-like peptide 1 (GLP-
1) receptor is expressed not only in B cells but also in
numerous tissues, including kidney tissue. Furthermore,
GLP-1 has been reported to have a natriuretic effect in
obese human subjects and animal models [31]. We previ-
ously reported that db/db mice, a mouse model of obesity
and type 2 diabetes, showed a significant increase in the
sodium sensitivity of blood pressure, and that a GLP-1
receptor agonist could change the slopes of their pressure—
natriuresis curves [32].

Dipeptidyl peptidase-4 (DPP-4) is an enzyme that is
responsible for cleaving and inactivating incretins,
including GLP-1. Treatment with DPP-4 inhibitors has also
been reported to exert BP-lowering effects in both spon-
taneously hypertensive rats and hypertensive patients
[33, 34]. It is also reported that, in Dahl salt-sensitive rats
(a model of nondiabetic salt-sensitive hypertension), a
DPP-4 inhibitor significantly attenuated high-salt-induced
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blood pressure elevation and improved the circadian
rhythms of blood pressure such that non-dippers became
dippers through the enhanced excretion of urinary sodium
[35]. In recent trials, the administration of liraglutide or
lixisenatide (GLP-1 receptor agonists) was reported to lead
to a small but significant reduction in blood pressure
[36, 37].

Sodium-glucose transporter 2 (SGLT-2) inhibitors

SGLT-2 inhibitors suppress the cotransport of glucose
coupled with sodium from the lumen of the proximal
tubules into the blood and induce both glycosuria and
natriuresis, reducing the blood glucose concentration, body
weight, and blood pressure. The proximal tubules are
highly permeable and have multiple options for sodium
reabsorption; however, glucose reabsorption is mainly
dependent on SGLT-2. Thus, under the inhibition of
SGLT-2, sodium and chloride are reabsorbed and the
absolute amount of glucose in the proximal tubules is
maintained. Since the total solute concentration in the
proximal tubules remains constant, the concentrations of
sodium and chloride are decreased by SGLT-2 inhibitors
[29]. The loop of Henle, which extends from the proximal
tubule, is responsible for the reabsorption of approximately
30—40% of the filtered sodium chloride. The reduction in
the chloride concentration in the proximal tubules leads to
a decrease in the chloride concentration in the fluid in the
loop of Henle and inhibits sodium chloride (NaCl) reab-
sorption along the loop of Henle [38, 39]. Thus, SGLT-2
inhibitors my act as loop diuretics (Fig. 2) [40]. It is known
that SGLT1-mediated glucose uptake leads to the activa-
tion of Nat—H™ exchanger 3 (NHE3) in the intestine. In the
renal proximal tubule, NHE3 co-localizes with SGLT?2 but
not SGLT1, and the physiological glucose concentration in
the proximal tubules activates NHE3 [41]. SGLT-2 inhi-
bitors reduce the glucose concentration in the proximal
tubular cells and inhibit NHE3 activity. Thus, SGLT-2
inhibitors may act in a similar manner to acetazolamide
(Fig. 2).

The NaCl concentration at the site of the macula densa
cells also controls the glomerular filtration rate (GFR). An
increase in NaCl concentration in the distal nephron due to
SGLT-2 inhibition reduces the GFR and the excretion of
urinary albumin. The recently published EMPA-REG
OUTCOME study demonstrated that sodium—glucose
cotransporter 2 inhibition with empagliflozin achieved
significant cardiovascular benefits and improved the mor-
tality of patients with type 2 diabetes and established car-
diovascular disease [42, 43]. Those results may suggest that
sodium—glucose cotransporter 2 inhibitors play a broader
role in preventing diabetic complications by both reducing
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Fig. 2 Effects of SGLT2 inhibitors on sodium reabsorption. SGLT2
inhibitors reduce sodium reabsorption from SGLT2 and NHE3 in the
proximal tubules. Furthermore, the low concentration of chloride in
tubular fluid caused by SGLT-2 inhibition suppresses sodium
reabsorption by Na—K-Cl cotransporters. SGLT2 sodium-glucose
transporter 2, NHE3 Na'-H' exchanger 3, NKC Na-K-Cl
cotransporter

the plasma glucose level and by implementing changes in
relation to renal sodium handling.

Conclusion

Worldwide, the number of patients with diabetes is pre-
dicted to increase from 415 million in 2015 to 642 million
in 2040. Adults with diabetes have a two- to threefold
increase in the risk of heart attack and that of stroke, and
diabetic nephropathy is a leading cause of end-stage renal
failure. It is well established that reducing the intake of
sodium can reduce blood pressure. A reduction in blood
pressure can also reduce the risks of developing cardio-
vascular diseases and renal failure. Although the evidence
to support the recommendation is insufficient, it is never-
theless recommended that patients with diabetes should
reduce their sodium intake to <6 g/day. In addition to salt
restriction, several antidiabetic agents such as DPP-4
inhibitors, GLP-1 receptor agonists, and SGLT-2 inhibitors
may help to reduce renal and/or cardiovascular events by
rectifying the elevated salt sensitivity of blood pressure in
patients with type 2 diabetes.
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