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Increased prevalence of salt sensitivity of blood pressure in IDDM
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Summary In insulin-dependent diabetes mellitus
(IDDM) elevated exchangeable sodium (Na) levels
are found even in the absence of hypertension, but it
is not known whether this is associated with in-
creased sensitivity of blood pressure to sodium level.
To clarify this issue we compared 30 patients
with IDDM (19 without and 11 with microalbumin-
uria, i.e. more than 30 mg albumin/day) and 30 con-
trol subjects matched for age, gender and body mass
index. The subjects were studied on the 4th day of a
low-salt diet (20 mmol/day) under in-patient condi-
tions and were subsequently changed to the same
diet with a high-salt supplement, yielding a total
daily intake of 220 mmol Na/day. Circadian blood
pressure, plasma renin activity (PRA), plasma atrial
natriuretic factor (p-ANF), plasma cyclic guanosine
5’-phosphate (p-cGMP) and urinary albumin were
measured. The proportion of salt-sensitive subjects,
i.c. showing increment of mean arterial pressure

= 3 mmHg on high-salt diet, was 43 % in diabetic pa-
tients (50 % of diabetic patients with and 37 % with-
out microalbuminuria) and 17 % in control subjects
(p < 0.05). Lying and standing PRA levels on low- or
high-salt diet were significantly lower in diabetic pa-
tients than in control subjects. Salt-sensitive diabetic
patients had significantly higher lying ANF on high-
salt (38.7 £ 4.2 pmol/l vs 20.1 £ 2.3 pmol/l, p < 0.005)
than on low-salt diet. The results suggest that (i) the
prevalence of sodium sensitivity is high in IDDM (ii)
sodium sensitivity is found even in the absence of

nephropathy as indicated by albuminuria. [Dia-
betologia (1995) 38: 1443-1448]
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Although plasma and blood volumes are normal in
normotensive and even low in hypertensive patients
with diabetes mellitus [1, 2], exchangeable sodium is
consistently increased in diabetic subjects whether
or not they are given insulin treatment. The original
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observation of Weidmann et al. [3] has meanwhile
been confirmed by subsequent authors. Not only is
extracellular and specifically interstitial volume in-
creased but in hypertensive individuals blood pres-
sure is also exquisitely salt-sensitive [4]. This observa-
tion points to a pathogenetic role for sodium in the
maintenance, and perhaps even in the initiation of
high blood pressure. In diabetic subjects with hyper-
tension. and nephropathy, blood pressure correlates
positively with exchangeable sodium [3-5] and ex-
changeable sodium is progressively elevated in more
advanced stages of nephropathy [2].

Although there is a wealth of information on ex-
changeable sodium and sodium handling in diabetic
patients with or without hypertension, the issue of
whether blood pressure is sodium-sensitive has been
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Table 1. Clinical characteristics of patients

Age BMI Duration HbA, Daily inulin cInulin
(years) (kg/m?) (years) (%) (Ulkg) (ml x min™*
x 1.73 m?)
Normoalbuminuric
(n=19) 30.8+1.8 23.6+04 54+1.1 75+£03 0.6 £ 0.04 118£5.0
Microalbuminuric
(n=16) 335+1.6 235107 13.5+22 7.8£02 0.8+0.06 136 +5.0
Total
(n=135) 320+12 232104 91+1.3 7.6+0.2 0.7 £0.06 124 £3.9

Data are given as mean £ SEM

examined only in hypertensive patients with diabetes
[4]. The question of whether blood pressure is also so-
dium-sensitive in normotensive diabetic patients is of
both theoretical and practical interest.

On the one hand “antinatriuretic forces” appear to
operate in patients with diabetes, as indicated by in-
creased exchangeable sodium [1, 2] and by inappro-
priate responses of volume controlling hormones to
dynamic manoeuvres such as water immersion [6, 7].
This may be due to the known antinatriuretic effect
of insulin as originally shown by DeFronzo et al. [8]
and confirmed by subsequent studies [9, 10]. Alterna-
tively, it may be the result of increased proximal tubu-
lar reabsorption of sodium via the glucose/sodium co-
transporter.

On the other hand, the issue of whether modifica-
tion of dietary sodium can alter blood pressure in
the diabetic patient, as suggested by Dodson et al.
[11], is also of potential clinical importance.

To address this issue we designed a parallel group.

sequential study. Patients with IDDM (insulin-depen-
dent diabetes mellitus) in good metabolic control
were compared with non-diabetic control subjects of
similar age, gender and body mass index. Patients
were studied sequentially on an identical low-salt
diet (20 mmol Na/day) without and subsequently
with a sodium supplement to yield a total daily NaCl
intake of 220 mmol/day. Blood pressure was mea-
sured by continuous blood pressure recording (Me-
dilog system, Oxford, UK) under in-patient condi-
fions.

Patients and methods

The study protocol was approved by the ethical committees of
the Universities of Katowice and Heidelberg; all subjects gave
written informed consent. The study was carried out in the De-
partment of Internal Medicine of the Silesian Medical Acad-
emy, Zabrze, Poland. We approached diabetic patients who
were normotensive according to World Health Organization
(WHO) criteria, i.e. with casual blood pressure measuring
less than 140/90 mmHg. The study was designed to include a
total of 30 patients with 30 matched control subjects. Upon
completion of this study we included a further five microalbu-
minuric diabetic patients without matched control subjects.

The data relevant to the patients’ clinical characteristics are gi-
ven in Table 1. Habitual protein and sodium intakes were esti-
mated from five 24-h urine collections. We excluded all pati-
ents who had a serum creatinine level greater than 110 umol/l.
Albumin excretion was assessed by radioimmunometric assay
from five 24-h urine collections. Patients were classified as be-
ing microalbuminuric if all collections contained more than
30 mg/24 h albumin, otherwise patients were classified as not
microalbuminuric. Patients with inconsistent values were not
admitted to the study. From collaborators in the hospital we se-
lected 30 individuals who were matched for age, gender and
BMI (kg/m?) to the initial cohort of diabetic patients. The
mean age of control subjects was 28.2 + 0.8 years; 16 were
male, 14 were female; BMI, 23.1 £ 0.54 kg/m?. All were exam-
ined to verify the presence of normal endogenous creatinine
clearance, normal blood pressure according to WHO criteria
and absence of albuminuria. Physical and laboratory examina-
tions excluded major diseases, specifically diabetes mellitus.

Study design. All diabetic patients and control subjects were
examined under in-patient conditions on the metabolic ward.
They received a pre-cooked diet with defined NaCl content,
confirmed by ashing and chemical analysis, i.e. 20 mmol
(1) mmol Na/day. All individuals received the same amount
of food. The diet provided 130 kJ - kg! - day™?, including 250 g
complex carbohydrates/day, 45 g fat/day and 35 mmol potas-
sium/day. The actual amount consumed was quantified by re-
weighing. Urinary sodium excretion was monitored by daily
24-h urine collections. Patients adjusted their insulin by self-
measurement of blood glucose. During the study a median
daily insulin dose of 0.751U -kg - day' was administered
(range 0.55-0.94) and there was no specific difference between
the low-salt and the high-salt periods (median 0.73 wvs
0.76 IU - kg™ - day ™). High-salt intake was achieved by adding
slow-release sodium chloride tablets providing a daily NaCl in-
take of 220 mmol/day. Continuous blood pressure recording
was carried out on the 4th day of each study period. Blood for
chemical measurements was obtained on the 1st and 4th day
of each study period.

Measurements. Continuous blood pressure recordings were
carried out using the Medilog ABP System. Night-time pres-
sure was defined as blood pressure between 22.00 and
06.00 hours. Blood and urine chemistries were measured using
Auto-analyser techniques.

Haemoglobin A, was measured using the DCA 2000 Auto-
analyser (Bayer Diagnostics, Elkhart, Ind., USA). Haemato-
crit was measured by centrifugation. Plasma renin activity
(PRA) and plasma aldosterone were measured by radioimmu-
noassay (RIA) according to Kokot [12], plasma atrial natri-
uretic factor (ANF) by RIA [13], and plasma cyclic Gua-
nosine 5" phosphate (cGMP) with RIA [14]. Urinary albumin



K. Strojek et al.: Increased prevalence of salt sensitivity of blood pressure in IDDM with and without microalbuminuria 1445

Table 2. Comparison of low- and high-salt periods

Low-salt period

High-salt period

Diabetic subjects

Control subjects

Diabetic subjects Control subjects

n 35 30 35 30

Urinary Na (mmol/day) 17.3£0.7 14.9+£0.9 192 +8.3% 209 +£10.5*
Mean blood glucose (mmol/1) 7.83+0.97 - 7.78 £0.89 -
Haematocrit (%) 43.0+04 427+0.5 40.1%£0.6 416104
Plasma-Na (mmol/T) 133£1.6 130+ 1.5 137£1.8 135+1.9
Plasma-K(mmol/l) 449104 470+ 0.5 419+0.6 435104

Data are given as mean + SEM

2 Difference high- vs low-salt period; p < 0.001 (Wilcoxon test for paired differences)

Table 3. Blood pressure (mmHg) during low- and high-salt periods in diabetic patients

Group Salt Mean arterial pressure Systolic blood pressure Heart rate

intake 50y Day Night 241 Day Night  24h Day Night
Diabetic  low 809+1.0 826+10 73.6+£13 1M +£18 113£17 103+24 819+£15 842+14 718+14
subjects  high 82.1+14 848+t14 742%15 114£1.9° 117+19° 105+24 80.6+13 82.7+13 71.6+1.7
(n = 35) C C [ [
Control  low 81.1+£14 83x14 740%17 114£2.1  113£22 107+28 856+1.8 880x+14 735121
subjects  high 803+15 822+14 726£19 115+£2.1  117£21 108x30 83.4+15 859x13 723117

(n =30)

Data are given as mean £ SEM
? p <0.05 high-salt vs low-salt period;
b p <0.01 high-salt vs low-salt period;

¢ p <0.05 blood pressure high-low in diabetic vs control subjects

by RIA according to Keen [15], glomerular filtration was as-
sessed using steady-state inulin clearance [16].

Statistical analysis

Data are given as mean = SEM (or median and range if they
were not normally distributed). Comparisons were made using
Wilcoxon’s test for paired intra-individual differences (i. e. be-
tween low- and high-salt phases) or Wilcoxon’s test for random
samples for comparisons between groups.

Results

Baseline data. Table 2 compares some of the relevant
parameters on the 4th day of the low-salt and high-
salt periods, respectively. The data document good
compliance to dietary Na intake and similar meta-
bolic control during the low-salt and high-salt peri-
ods, respectively. Haematocrit (indirect evidence of
volume expansion) was lower on the high-salt diet.
Plasma sodium was unchanged and potassium some-
what lower on high-salt diet. Urine was tested for gly-
cosuria which was negative in all samples.

Blood pressure measurements. As seen in Table 3,
there was no significant difference in the various
blood pressure measurements between diabetic pati-
ents and control subjects. However, the increment in

blood pressure upon transition from low- to high-salt
diet was significantly higher with respect to 24-h and
daytime mean arterial pressure (MAP) and 24-h
daytime systolic blood pressure, respectively
(p <0.05).

Blood pressure according to microalbuminuria. Ta-
ble 4 shows a clear difference between normoalbu-
minuric and microalbuminuric diabetic patients.
Upon transition from low- to high-salt diet the incre-
ments in systolic blood pressure and the percent de-
crease of nocturnal blood pressure were significant
only in microalbuminuric subjects. In microalbumin-
uric patients a significantly greater night-time de-
crease of blood pressure was noted upon transition
from low- to high-salt diet (p < 0.01).

Treating the albumin excretion rate (mg/24 h) as a
continuous variable, a significant correlation was no-
ted between albuminuria and (i) daytime MAP
(r=0.41; p<0.05) and (ii) percent night-time de-
crease of MAP (r =0.57, p <0.001). Microalbumin-
uric patients did not have impaired renal function.
Glomerular filtration rate (GFR) as measured by
steady-state inulin clearance was 125 + 3.9 ml x min™!
x 1.73™2 in the 35 diabetic subjects. It was 118 +
50mixmin?x1.73™2 in the normoalbuminuric
and 136 + 5.0 ml - min™! x 1.73 m? in the microalbu-
minuric individuals. Salt-sensitive and salt-resistant
individuals did not differ with respect to inulin clear-
ance,i.e. 131 £5.3 vs 123+ 5.1 ml x min™ x 1.7372.
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Table 4. Comparison of blood pressure response to high salt diet between normoalbuminuric and microalbuminuric IDDM

patients
Group Salt intake MAP Systolic pressure Nocturnal decrease of
(mmHg) (mmHg) systolic blood pressure (%)

Normoalbuminuric low 78714 109+2.7 14.4+28
(n=19) high 805+1.8 112£2.6 113114

difference high vs low 08+13 25+15 -31%24
Microalbuminuric low 82.4+15 113+23 54125
(n=16) high 84.0+1.6 117 +£2.5° 13.9£3.0°

difference high vs low 1.5+0.9 35413 8.4 +3.1°

Data are given as mean £ SEM
2 p <0.05 low salt vs high salt period

® p <0.01 microalbuminuric vs normoalbuminuric diabetic patients

Table 5. Categorization of salt sensitivity

n Percent salt sensitive
Diabetic subjects 35 15/35 432
normoalbuminuric 19 719 37
microalbuminuric 16 8/16 502
Control subjects 30 5125 17

Calculated according to Sharma et al. [17], i.e., increment of
MAP by 3 mmHg on high-salt diet
* p <0.05 control subjects vs diabetic patients

Salt sensitivity. The patients were categorized accord-
ing to Sharma et al. [17], i.e. classified as salt-sensi-
tive if the increment of 24-h MAP on high-salt diet
exceeded 3 mmHg. According to this definition,
43 % of diabetic patients and 17 % of the control sub-
jects were salt-sensitive (p < 0.05 by chi-square test)
(Table 5). The proportion tended to be greater in dia-
betic patients with microalbuminuria, but the differ-
ence between normoalbuminuric and microalbumin-
uric patients was not statistically significant, presum-
ably as a result of the small sample size.

When the cut-off of a 4-mmHg increase in MAP
upon transition from low- to high-salt diet was cho-
sen, there was still a significant difference in the pro-
portion of salt-sensitive individuals between control
subjects (4 of 30) and diabetic patients (15 of 35;
p <0.05), showing that higher salt sensitivity can be

demonstrated irrespective of the categorisation crite-
ria.

This is further emphasised by the fact that on a
high salt diet 24-h MAP was significantly higher in
salt-sensitive (84.7 £ 1.5 mmHg) compared to salt-re-
sistant diabetic patients (80.1 + 1.7; p < 0.05).

Sodium-regulating hormones. Table 6 summarizes the
change of PRA, ANF and plasma cGMP after night
rest (lying) and 30 min standing.

PRA was consistently lower in diabetic patients
compared to control subjects, both on low-salt and on
high-salt diet in either the lying or standing position.
This finding documents suppressed renin activity. The
plasma aldosterone values paralleled those of PRA.

ANTF, and less markedly plasma cGMP concentra-
tions, were higher when lying as compared to stand-
ing. High-salt intake increased ANF significantly,
both in diabetic patients and in control subjects. This
was accompanied by a directionally similar, but statis-
tically not significant, change in plasma ¢cGMP con-
centration.

Average lying ANF in salt-sensitive diabetic pati-
ents was 209+23pmol/l on low- and 387+
4.2 pmol/l on high-salt (p < 0.001) vs 20.1 £ 2.3 pmol/l
and 29.1 £2.4 pmol/! (p < 0.001) in salt-resistant dia-
betic patients, respectively. The lying ANF concentra-
tions on high-salt diet were significantly (p <0.05)

Table 6. Volume regulating hormones in lying and standing position on either low or high salt intake

Position Diabetic patients Control subjects

(n =35) (n=30)

low salt high salt low salt high salt
PRA lying 0.72 £ 0.07 0.23+0.02 1.10+0.14* 0.42 £ 0.07°
(pmol x 171 x s7) standing 1.17+0.15 0.45£0.04 2.26 +0.36° 0.75 £ 0.10°
ANF lying 205+ 1.44 341+2.14 177416 30.6+2.04
(pmol/) standing 141£0.9 15413 13.7+1.2¢° 195114
cGMP lying 3.9+04 41404 37+03 53+0.4
(nmol/1) standing 33202 42102 39+03 51%£03

Data are mean + SEM.

2 p <0.05 diabetic patients vs control subjects; ® p < 0.01 diabetic patients vs control subjects; ® p < 0.05 lying vs standing position;
4 p < 0.001 lying vs standing position; ® p < 0.005 low salt vs high salt; f p < 0.001 low salt vs high salt
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different between salt-sensitive and salt-resistant dia-
betic patients.

Discussion

This study was performed in normotensive IDDM
patients with or without incipient nephropathy, i.e.
microalbuminuria. The primary result is documenta-
tion that the proportion of these individuals whose
blood pressure is salt-sensitive is greater than in non-
diabetic control subjects of similar age, gender and
BMI. Although salt-sensitive blood pressure was en-
countered somewhat more often in microalbuminuric
patients, sodium sensitivity was not restricted to this
group of patients and was also noted in a high propor-
tion of diabetic patients with normal albumin excre-
tion. In a pilot experiment we found that on the 4th
day of the low-salt diet, individuals were in salt equi-
librium, i.e. urinary sodium excretion on day 4 and
day 5 did not differ more than 15 %. We had consid-
ered randomly changing the patients from low- to
high-salt intake or vice versa; however we decided
on a sequential order design, because longer duration
of an experiment with a washout period in between
might have jeopardized the constancy of metabolic
control. Compliance with the diet was excellent, as
measured by urinary sodium excretion. Metabolic
control was identical during the two periods in the di-
abetic patients as documented by comparable aver-
age glucose measurements on the 4th day of the
low-salt and high-salt periods, respectively. In a pilot
study we assessed the reproducibility of the Medilog
24-h blood pressure measurements in diabetic sub-
jects. After repeated measurement the coefficient of
variation (MAP) did not exceed 3+£0.2% (corre-
sponding to 2.4 +0.16 mmHg) in ten individuals on
four occasions. We specifically looked for an order ef-
fect and found no significant difference between the
first measurement (100 %) and the fourth measure-
ment (96.8 %).

All of the diabetic patients were normotensive ac-
cording to WHO criteria. Their average 24-h MAP
was not significantly different from that of control
subjects.

Salt-sensitivity was assessed according to several
different criteria. We adopted the procedure used by
Sharma et al. [17] and classified as salt-sensitive those
patients in whom the increment of MAP on high-salt
intake exceeded 3 mmHg. According to this defini-
tion the proportion of salt-sensitive individuals was
significantly higher in the group of diabetic patients
than in non-diabetic control subjects. This was partic-
ularly true for diabetic patients with microalbumin-
uria.

Because the cut-off of 3 mmHg MAP was some-
what arbitrary, we chose alternative cut-offs, e.g. 3.5,
4 and 4.5 mmHg. When these alternative cut-offs

were adopted, the difference continued to be signifi-

- cant.

Because the approach of Sharma et al. [17] has not
been universally accepted, we also compared 24-h
systolic blood pressures and MAP on high-salt diet
in individuals classified as salt-sensitive compared to
individuals classified as salt-resistant. The difference
was statistically significant. We also compared the dif-
ference in average 24-h systolic blood pressure and
24-h MAP between diabetic patients and control sub-
jects. In control subjects the response to a dietary
NaCl load was more heterogeneous, since some sub-
jects showed a decrease and others an increase in
blood pressure in response to high salt diet, as previ-
ously reported by Luft etal. [18]. When we com-
pared the average difference of 24-h systolic blood
pressure on high-salt vs low-salt diets between dia-
betic patients and control subjects, it was statisti-
cally significant (p <0.05). These approaches docu-
ment that the hypothesis of higher prevalence of
salt-sensitivity in diabetes is proven to be true, inde-
pendent of the criteria used to define it.

Although the proportion of salt-sensitive individu-
als was not higher among microalbuminuric diabetic
patients, a statistically significant relation was found
between urinary albumin excretion rate and incre-
ment in 24-h MAP upon transition from low- to
high-salt diet in diabetic patients. This finding sug-
gests a role for renal damage in this phenomenon.
We ascribe the failure to find a significant difference
between microalbuminuric and normoalbuminuric
patients to the limited number of patients investi-
gated. No significant correlation was noted between
BMI, duration of diabetes and daily insulin dose and
increment in 24-h MAP upon transition from low- to
high-salt diet in diabetic patients (data not reported).

A relation between exchangeable sodium and
blood pressure has been observed by Feldt-Rasmus-
sen et al. [2] in various stages of diabetic nephropa-
thy. Furthermore, blood pressure increased after
high salt intake [3]. The question arises whether ab-
normal (renal) handling of sodium is involved in the
genesis of this phenomenon. Even normotensive dia-
betic patients are known to have increased exchange-
able sodium [1] suggesting increased tubular sodium
retention. A volume-expanded state in the diabetic
patients on high sodium intake is suggested by signif-
icantly lower haematocrit values. Salt-sensitive dia-
betic patients have significantly lower supine PRA
on a high-salt diet than do salt-resistant diabetic pati-
ents. Furthermore, lying ANF concentrations were
significantly higher in salt-sensitive diabetic patients.
Obviously, higher ANF levels would be compatible
with either a compensatory increase in ANF in re-
sponse to ANF resistance or increased ANF secre-
tion in response to greater atrial stretch. Our findings
cannot directly distinguish between these possi-
bilities, but the concomitantly lower PRA concentra-
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tions are consistent with a state of relative central vol-
ume expansion on high salt, at least in the supine po-
sition. Our observation of generally lower PRA in di-
abetic patients, compared to the control subjects, re-
gardless of dietary sodium intake and of body posi-
tion is in agreement with previous observations [19,
20]. We emphasize that the method used excluded ar-
tefacts from high pro-renin levels.

Apart from volume expansion, an alternative ex-
planation could be increased sympathetic nerve activ-
ity in response to salt load. This had previously been
observed by Campese et al. [21] in some patients
with primary hypertension. We did not study sympa-
thetic nerve activity in detail, but noted that heart
rate did not change.

The question could be raised whether such minor
sodium-dependent increments in blood pressure are
relevant to patient management. In the patients with
microalbuminuria, recent evidence suggests that
blood pressure-induced damage begins at blood pres-
sure levels far below the conventional ceiling of nor-
motension [22]. In the pre-hypertensive stage blood
pressure is sodium-sensitive in a high proportion of
diabetic patients. Whether efforts to reduce dietary
salt intake [23, 24] with the attendant reduction in
quality of life are justified will have to be investi-
gated in future trials.
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