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Abstract

Objective: The present epidemiological study aimed to evaluate the association of
serum electrolyte levels with hypertension in a population with a high-salt diet.
Design: Secondary analysis of epidemiology data from the Northeast China Rural
Cardiovascular Health Study conducted in 2012-2013. Blood pressure and
hypertension status were analysed for association with serum sodium, potassium,
chloride, total calcium, phosphate and magnesium levels using regression models.
Setting: High-salt diet, rural China.

Participants: Adult residents in Liaoning, China.

Results: In total 10555 participants were included, of whom 3287 had incident
hypertension (IH) and 1655 had previously diagnosed hypertension (PDH). Fifty-
six per cent of participants had electrolyte disturbance. Sixty-two per cent of
hypercalcaemic participants had hypertension, followed by hypokalaemia (56 %)
and hypernatraemia (54 %). Only hypercalcaemia showed significant associations
with both IH (OR=1-70) and PDH (OR=2:25). Highest serum calcium quartile
had higher odds of TH (OR=1-58) and PDH (OR=1-64) than the lowest quartile.
Serum sodium had no significant correlation with hypertension. Serum potassium
had a U-shaped trend with PDH. Highest chloride quartile had lower odds of PDH
than the lowest chloride quartile (OR=0-65). Highest phosphate quartile was only
associated with lower odds of IH (OR=0-75), and the higher magnesium group
had significantly lower odds of IH (OR=0-86) and PDH (OR=0-77).

Keywords
Conclusions: We have shown the association of serum calcium, magnesium and Electrolyte in¥bulunce
chloride levels with IH and/or PDH. In the clinical setting, patients with IH may Epidemiology
have concurrent electrolyte disturbances, such as hypercalcaemia, that may Hypertension

indicate other underlying aetiologies. High salt intake

Electrolytic disturbances are the most fundamental and
foremost pathogenic sign of most diseases, and are com-
mon in both the general population and hospitalized
patients. A number of recent studies suggest that electro-
lyte disorders are directly related to adverse outcomes of
increased morbidity and mortality’™. In the general
population, electrolyte disturbances are chronic and mild
compared with those in hospitalized patients who often
have acute and severe cases. Nevertheless, electrolytic
disturbances are associated with poor health and out-
comes. Therefore, it is important to know whether elec-
trolytic disturbances are associated with the risk factors
leading up to certain chronic diseases which eventually
can become life-threatening. And in knowing this, to
mitigate these risk factors through control of serum
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electrolyte levels to possibly prevent or delay the devel-
opment of, or to ameliorate, these diseases and their
complications.

Hypertension is a highly prevalent and modifiable risk
factor for a variety of chronic and potentially life-
threatening diseases, such as CVD and renal failure. Yet,
it has relatively low awareness rate due to mild non-
specific symptoms and is poorly controlled due to low
treatment compliance. Hypertension is a complex syn-
drome influenced by multiple genetic and environmental
factors. A number of epidemiological studies have sug-
gested that there is a significant relationship between
electrolyte levels and blood pressure™™, as well as
between salt intake and blood pressure®®. However, the
association of serum electrolyte levels with increased
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blood pressure is unclear in populations with high salt
intake. Hence, our objective was to evaluate the frequency
of hypertension in electrolyte disturbances and to deter-
mine which electrolytes were associated with hyperten-
sion in a general Chinese population with high salt intake.
We examined six commonly tested electrolytes, namely
serum sodium, potassium, chloride, total calcium, phos-
phate and magnesium, and their association with inci-
dental hypertension (IH) and previously diagnosed
hypertension (PDH).

Methods

Study population

A representative sample of rural residents was selected
from Liaoning Province, China between January 2012 and
August 2013 as part of the Northeast China Rural Cardio-
vascular Health Study (NCRCHS). This population has
been documented to have high daily salt intake (mean
9-7 g/d) and more than half of the population (51-1%) is
hypertensive®. The random sampling method used has
been described previously. All permanent residents
aged >35 years were eligible to participate, excluding
residents with pregnancy, malignant tumour or mental
disorder. A participation rate of 85-3 % (11 956/14016) was
achieved. In the present study, the exclusion criteria were:
recent use (two weeks before study inception) of diuretics
(n 77), recent use of diuretic-containing herbal medicines
(n 979), recent use of antipsychotics (72 9), recent use of
unspecified antihypertensive drugs (72 353) and estimated
glomerular filtration rate (eGFR) <60 ml/min per 1-73 m*
(n 3 41)(10).

The present epidemiological study was approved by the
Ethics Committee of China Medical University (Shenyang,
China). All procedures were performed in accordance
with the ethical standards. Written informed consent and
confidentiality agreement was
participants.

obtained from all

Data collection

Information on personal and family medical history, diet-
ary habits, smoking, alcohol consumption and recent
medications were self-reported and obtained using a
questionnaire during an in-person interview with cardiol-
ogists and/or trained nurses. Height and weight were
measured with all participants shoeless and in lightweight
clothing to the nearest 0-5 cm and 0-1 kg, respectively. BMI
was calculated as weight (in kilograms) divided by the
square of height (in metres).

Estimation of daily salt intake

Daily salt intake was estimated by averaging the annual
amount of salt consumption in one household by the
number of household members. Specifically, the
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questionnaire queried the amount of cooking salt added to
meals and the amount of salted or preserved foods con-
sumed. Then the estimated total salt consumption by the
family per year was divided by the number of family
members to estimate the individual participant’s salt
intake. Although 24h urine sodium is a more accurate
estimation of salt intake, urine samples were not collected
as part of the NCRCHS.

Classification of bypertension status

Blood pressure was measured three times in the same arm
at 2min intervals after at least 5 min of quiet sitting using a
calibrated automatic electronic = sphygmomanometer
(HEM-907; Omron, Tokyo, Japan). The participants were
advised to avoid caffeinated beverages and exercise for at
least 30 min prior. Measurements were taken by cardiol-
ogists or trained nurses while the participants were seated
with the arm supported at the level of the heart. The mean
of the three blood pressure measurements was calculated
and used in the analysis.

Participants were stratified by hypertension status into
three groups: () non-hypertensive, defined as having
systolic blood pressure (SBP) <140 mmHg, diastolic blood
pressure (DBP) <90 mmHg, no history of hypertension
and no history of any antihypertensive treatment; (ii)
incident hypertension (IH), defined as having no history of
hypertension and no history of antihypertension medica-
tion, but being found to have a mean SBP > 140 mmHg
and/or a mean DBP>90mmHg; and (iii) previously
diagnosed hypertension (PDH), defined as having a his-
tory of hypertension and/or a history of taking anti-
hypertensive drugs. The IH group is minimally
confounded by the effects of antihypertension medication
and recall bias from the questionnaire in cases that parti-
cipants could not accurately recall whether or not they
took antihypertension medication.

Blood collection and biochemical tests

Fasting blood samples were collected from all participants
in the morning after at least 12h fasting. Blood samples
were obtained from the antecubital vein into vacutainers
and centrifuged. All samples were frozen at —20°C until
analysis at a central certified laboratory.

Serum electrolytes, fasting plasma glucose, lipid
profile (i.e. TAG, total cholesterol, LDL-cholesterol and
HDL-cholesterol), serum creatinine and uric acid were
analysed using an Olympus AUG40 autoanalyzer (Olym-
pus, Kobe, Japan). Assay references for serum electro-
lytes were as follows: sodium 137-0-147-0 mmol/l;
potassium 3-50-5-30 mmol/1; chloride 99-0-110-0 mmol/I;
total calcium 2-17-2-57 mmol/l; phosphate 0-81-1-52
mmol/l; magnesium 0-78-1-28 mmol/l. Electrolyte dis-
turbances were based on Chinese textbook clinical
references'”:  sodium 135-145mmol/l; potassium
3-5-5-5 mmol/l; chloride 95-105 mmol/l; total calcium
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2:25-2-58 mmol/l; phosphate 0-97-1-61 mmol/l; mag-
nesium 0-8-1-2 mmol/1.

For fasting plasma glucose, the intra- and inter-assay CV
were 0-62 and 1-44 %, respectively.

Dyslipidaemia was defined according to the National
Cholesterol Education Program Adult Treatment Panel III
criteria’?. Hypercholesterolaemia was defined as serum
total cholesterol greater than 6-21 mmol/l (240 mg/dD).

Hypo-HDL-cholesterolaemia was defined as serum
HDL-cholesterol lower than 1-03mmol/l (40 mg/dD.
Hyper-LDL-cholesterolaemia  was defined as serum

LDL-cholesterol higher than 4-16mmol/l (160 mg/dD.
Hypertriacylglycerolaemia was defined as serum TAG
greater than 2-26 mmol/l (200 mg/dD).

The eGFR was estimated using the CKD Epidemiology
Collaboration (CKD-EPI) equation’”: eGFR =141 x min
(SCr/k, D*x max(SCr/x, 1)~ "%%?x0-993"8¢x 1.018 (if
female) x 1-159 (if black), where SCr is serum creatinine
(mg/dD, « is 0-7 for females and 0-9 for males, a is —0-329
for females and —0-411 for males.

Statistical analysis

Continuous variables were expressed as mean values and
sp, while categorical variables were described as fre-
quencies or percentages. Comparisons between variables
were analysed by Student’s ¢ test, the y* test or one-way
ANOVA as appropriate. Post hoc analysis was carried out
with Fisher’s least-significant difference test. Pearson cor-
relations and regression analysis were used to examine the
relationship between serum electrolyte levels and other
covariates such as blood pressure. Correlation analysis
between all electrolytes is shown in the online supple-
mentary material, Supplemental Table 1.

Logistic regression analysis was used to generate OR
and 95% CI of studied variables for hypertension (IH or
PDH). Model 1 was adjusted for age (categorical: 35-44,
45-54, 55-64, >65 years of age), gender and BMI. Model 2
included factors in model 1 and fasting plasma glucose,
TAG, total cholesterol, LDL-cholesterol, HDL-cholesterol,
current smoking, current drinking, diabetes mellitus,
stroke, CHD, eGFR, daily salt intake and the other five
electrolyte levels. The significance of linear trends across
serum electrolyte groups was tested by assigning the
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median value for the group to each participant and con-
sidering this value as a continuous variable.

Generalized linear regression was performed to evalu-
ate the relationship between serum electrolyte levels and
blood pressure in two groups of participants based on
whether or not they had a history of antihypertension
medication and to compare the f coefficients of each
serum electrolyte between these two groups. Other
adjusted factors in the model included the other five serum
electrolytes, the other four antihypertension medications,
age, gender, BMI, eGFR, serum uric acid, glucose, glycated
Hb, TAG, LDL-cholesterol, HDL-cholesterol and total
cholesterol.

P<0-05 was considered statistically significant. All
statistical analyses were performed using the statistical
software package IBM SPSS Statistics for Windows
version 22-0.

Results

Characteristics of study participants

A total of 10555 participants (5000 males, 5555 females)
met the inclusion criteria (Fig. 1) and their baseline char-
acteristics are shown in Table 1. In this study population,
overall frequency of hypertension was 47 %, of whom
66-5 % were unaware of being hypertensive. Hypertension
was more prevalent in male participants (52 v. 48 %;
P<0-05), however, they were less clinically aware than
female participants (29 v. 62 %; P< 0-05). There were 3287
in the TH group and 1655 in the PDH group. The mean age
of hypertensive participants was significantly higher than
that of the non-hypertensive (£ < 0-001), and the mean age
in the PDH group was significantly higher than in the IH
group (57:6 v. 56-1 years, P<0-001). Interestingly, salt
intake was not significantly different between the three
groups (P=091).

In the study population, 56-4% of participants had at
least one form of electrolyte disturbance. The most pre-
valent electrolytic disturbances, in descending order, were
hypocalcaemia (26-7%), hypophosphataemia (20-4 %),
hypomagnesaemia  (13-6%) and  hyperchloraemia
(10-:9%). Other less common electrolyte disturbances
include hypernatraemia (2:2%) and hypercalcaemia

Eligible residents
n14016

All participants o
n11956

Preliminary group
| n11576

‘ Incomplete data (n 380)

Exclusion criteria

* Diuretics (n 77)

* Reserpine (n 9)

Recent use of the following medications within 2 weeks:

* Diuretic-containing herbal medicines (n 979)
* Unspecified antihypertensive drugs (n 353)

Estimated glomerular filtration rate <60 ml/min per 1-73 m? (n341)

Included subjects
n10555

Fig. 1 Diagram showing selection of the study population
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Table 1 Characteristics of the study participants according to hypertension status: rural adult residents (n 10555) with high salt intake,
Liaoning Province, China, 2012—-2013 (Northeast China Rural Cardiovascular Health Study)

Hypertensive

Incident hypertension (IH) Previously diagnosed

Non-hypertensive (n 5602) (n 3287) hypertension (PDH) (n 1655)
Mean or % 95% ClI Mean or % 95% ClI Mean or % 95% ClI P value (IH v. PDH)
Basic characteristics

Age (years) 50-06 4981, 50-31 56:14**  55.79, 56-50 57-60** 57-14, 5805 <0-001
Sex, male (%) 43.72 54.91** 44.65** <0-001
Current smoking (%) 35-52 39.76* 30-09** <0-001
Current drinking (%) 20-80 30-79** 19-58** <0-001
Height (m) 161-02 16081, 16123 161.03 160-74, 161-32  160-00**  159-60, 160-39 <0-001
Weight (kgg 62-39 62:10, 62-67 65-15**  64.75, 65-54 67-00** 66-45, 67-56 <0-001
BMI (kg/m?) 24.01 2392, 24-10 25.04**  24.92, 25-16 26-11** 25.93, 2628 <0-001
SBP (mmHg) 12392 12366, 124.17 155.68** 155.15, 156-21 161.92**  160-77, 163-06 <0-001
DBP (mmHg) 75-00 74-80, 75-19 87-49**  87-15, 87-83 90-67** 90-08, 91-27 <0-001
Salt intake (g/d) 675 6-49, 7-01 7-11 6-85, 7-36 6-68, 7-47 0913
Diabetes mellitus (%) 5.05 11.77* 18-55** <0-001

Type 1 0-12 0-27** 0-54** <0-001

Type 2 2.07 3.26** 9.01** <0-001
CVD (%) 0-62 0-88** 671 <0-001
CHD (%) 10-21 9.74** 20-97** <0-001
Stroke (%) 321 4.93** 14.74** <0-001

Serum parameters

Sodium (mmol/l) 14113  141.07, 14118 141.24*  141.16, 141-33  141.27* 14117, 141.37 0-706
Potassium (mmol/l) 4.20 419, 4.21 4.21 4.19, 4.22 4.18* 4.16, 419 0-003
Chloride (mmol/l) 102-33 10227, 102:39 102-55** 102-46, 102-64 102-12* 102-00, 102-24 <0-001
Total calcium (mmol/l) 2.31 2.31, 2:31 2.34* 2.34,2-35 2.33** 2.32,2.33 <0-001
Phosphate (mmol/l) 111 111, 111 1-10* 109, 1-10 1.12* 111,113 <0-001
Magnesium (mmol/l) 0-85 0-84, 0-85 0-85 0-85, 0-85 0-84* 0-84, 0-85 0-031
Fasting glucose (mmol/l) 5-63 5.59, 5-66 6-05** 5.99, 6-11 6-28** 6-19, 6-38 <0-001
Glycated Hb (%) 524 521, 528 5.42** 5.36, 5-49 5.63** 5.52, 573 <0-001
Uric acid (umol/l) 280-91 278-82,283-.00 293.73** 290-84, 29662 302-73** 29873, 306:72 <0-001
TAG (mmol/l) 1.42 1-39, 1.46 1.72* 1.66, 1.78 1.93* 1-85, 2.01 <0-001
LDL-cholesterol (mmol/l) 2.76 274,278 3-00** 2.98, 3-03 314 3-09, 3-18 <0-001
HDL-cholesterol (mmol/l) 1-40 1-39, 1-41 147+ 1-45, 148 1.37* 1.35, 1-39 <0-001
Total cholesterol (mmol/l) 5.04 5.01, 5-06 5.33** 5.29, 5-36 5.50** 5.45, 5.55 <0-001
Creatinine (umol/l) 70-61 70-30, 70-93 70-52 70-06, 70-99 72.35** 71-70, 73-01 <0-001
eGFR (ml/min per 1.73m?) 96-00 95-63, 96-36 93.73**  93-20, 94-25 89-16™* 88-49, 89-83 <0-001

SBP, systolic blood pressure; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate based on the CKD-EPI equation.
P values are from Student's t test for characteristics reported as means and 95 % Cl, or from the x® test for those reported as percentages.

*P <0-05 compared with non-hypertensive group.
**P <0-001 compared with non-hypertensive group.

(1-3%). Ninety participants had hypokalaemia, thirty-nine
participants  had hyperphosphataemia, thirteen had
hyponatraemia, ten had hyperkalaemia, seven had
hypermagnesaemia and six had hypochloraemia.

In the total cohort (or PDH group only), 301 participants
were on calcium channel blocker, 267 participants were
on angiotensin-converting enzyme inhibitor/angiotensin II
receptor blocker medication, thirty-four were on beta-
blocker, ninety-eight had previously taken herbal medi-
cine, sixty-two were unable to recall their antihypertension
medication, and none were on diuretics.

Comparison of serum electrolyte levels between
bypertension groups

Five out of six serum electrolyte levels were significantly
different between hypertensive and non-hypertensive
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groups. Notably, serum total calcium was consistently
higher in both hypertensive groups than in the non-
hypertensive group (P<0-001) and was significantly
higher in TH than PDH (P<0-001). Although serum
sodium was significantly higher in both hypertensive
groups (P < 0-05), there was no difference between IH and
PDH (P=0-71). Two electrolytes — chloride and phos-
phate — displayed inconsistent relationship between
hypertensive and non-hypertensive groups. When com-
pared with non-hypertensive, serum chloride was higher
in TH (103 ». 102 mmol/l; P< 0-001) but was lower in PDH
(1021 ». 102-3mmol/l; P<0-05). Conversely, serum
phosphate was significantly higher in PDH but was sig-
nificantly lower in IH compared with the non-
hypertensive group (P<0-05). Both serum potassium
and magnesium were significantly lower only in PDH
when compared with other groups (< 0-05).
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Frequency of bypertension in electrolyte
disturbance groups

Electrolyte disturbances were categorized based on clini-
cally hyper/hypo levels of serum electrolytes. For each
electrolyte disturbance group, approximately 50% of
participants were hypertensive. Specifically, 62:3% of
hypercalcaemic participants were hypertensive, 55-6 %
in hypokalaemia, 53-9% in hypernatraemia, 49-3% in
hyperchloraemia, 47-2% in hypomagnesaemia, 47-0%
in hypophosphataemia and 39-4 % in hypocalcaemia. For
less common electrolyte imbalances, the frequency of
hypertension was 25/39 in hyperphosphataemia, 8/10 in
hyperkalaemia, 4/13 in hyponatraemia, 4/7 in hypermag-
nesaemia and 4/6 in hypochloraemia. On comparing
between hypertensive groups, there was more IH than
PDH within each electrolytic disturbance group. Remark-
ably, 62% (86/138) of hypercalcaemic participants were
hypertensive, of whom fifty-six were IH.

Odds of bypertension in electrolyte disturbances
To evaluate the odds of hypertension in each electrolyte
disturbance, logistic regression analysis was performed
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(Table 2). Noticeably, hypercalcaemia was significantly
associated with higher odds of both IH (OR=1-70;
P<0-01) and PDH (OR=2-25; P<0-001), and hypo-
calcaemia was associated with lower odds of both IH
(OR=0-68; P<0-001) and PDH (OR=0-85; P=0-02).
Among the other electrolyte disturbances, only one had a
significant association with higher odds of PDH: hypoka-
laemia (OR=1-82; P=0-04). Disturbances in serum mag-
nesium were not significantly associated  with
hypertension.

Relationship between blood pressure and
electrolytes

The mean SBP and DBP with 95% CI for each stratified
serum electrolyte group are shown in Fig. 2.

Linear regression analysis adjusted for confounding
factors showed serum sodium, total calcium and phos-
phate were related to both SBP and DBP (Table 3). In
addition, serum potassium was related only to DBP and
serum magnesium was related only to SBP.

Results of generalized linear regressions modified for
the effect of antihypertension medication on DBP and SBP

Table 2 Multiple linear regression analyses for the associations between hypertension status
and studied variables among rural adult residents (n 10555) with high salt intake, Liaoning
Province, China, 2012-2013 (Northeast China Rural Cardiovascular Health Study)

Incident hypertension

Previously diagnosed hypertension

Variable OR 95%Cl Pvalue OR 95% ClI P value
Sex (female) 0-84 0-75, 0-95 0-005 0-87 074, 1-02 0-089
Age (years) 1.08 1.08,1-09 <0-001 1.08 1.07, 1-09 <0-001
Current smoking 0-94 0-84, 1-05 0-266 0-81 070, 0-95 0-008
Current drinking 1.52 1.34,1.73 <0-001 1.03 0-86, 1-25 0-721
BMI (kg/m?) 112 110,113 <0-001 1-19 117, 1.21 <0-001
Salt intake (g/d) 1.00 0-99, 1.01 0916 1-00 0-99, 1-01 0-767
Family history of hypertension 1-25 1.08, 1-45 0-002 340 2.80, 413 <0-001
Diabetes mellitus 1.28 0-99, 1-64 0-058 1-84 1.38, 2:45 <0-001
CHD 0-87 0-67,1-12 0282 1.92 1-48, 2-49 <0-001
Stroke 148 0-96, 2:27 0-075 6-08 411, 9-00 <0-001
eGFR (ml/min per 1.73m?) 1.02 1.01,1.02 <0-001 1-00 0-99, 1-00 0174
Serum electrolytes (mmol/l)
Hyponatraemia 0-39 0-08, 1-80 0-226 0-90 019, 4-16 0-891
Hypernatraemia 1.52 1.-15, 2.01 0-004 1-21 0-81, 1-80 0-351
Hypokalaemia 1.39 087, 2:22 0-167 1.82 1.04, 3-19 0-035
Hyperkalaemia 521 1.05,25-84 0043 4.06 057, 28-81 0-162
Hypochloraemia 2:67 0-45,16:01 0281 2.01 0-18, 22-24 0-567
Hyperchloraemia 1.29 1.13,148 <0.001 1-00 0-83, 1-21 0-996
Hypocalcaemia 0-68 0-62, 075 <0-001 0-85 075, 0.97 0-016
Hypercalcaemia 1.70 1-16, 249 0-006 225 1-43, 3-54 <0-001
Hypophosphataemia 117 1.06, 1-30 0-003 094 0-81, 1-09 0-396
Hyperphosphataemia 2:57 1.29, 5-:09 0-007 142 0-51, 3-96 0-500
Hypomagnesaemia 1-11 0.98, 1.26 0-093 1.07 091, 1.27 0-399
Hypermagnesaemia 1.76 0-35, 871 0490 1-36 0-14, 13-05 0-792
Metabolic parameters (mmol/l)
Fasting glucose 1.08 1-03, 1-14 0-001 1.05 099, 1-11 0-124
Hyper-TAG 145 1.26,1.67 <0-001 1.54 1-30, 1-83 <0-001
Hyper-TC 1.07 091, 1.27 0397 1-39 1-14, 1-70 0-001
Hyper-LDL-C 119 0-94, 1-51 0137 1.06 0-80, 1-40 0-704
Hypo-HDL-C 0-80 0-69, 0-94 0-006 094 078, 1-14 0-536

eGFR, estimated glomerular filtration rate; TC, total cholesterol; LDL-C, LDL-cholesterol; HDL-C, HDL-

cholesterol.
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Fig. 2 Mean systolic blood pressure (ll) and diastolic blood pressure (@) across serum electrolyte groups, with their 95% CI
represented by vertical bars, in rural adult residents (n 10555) with high salt intake, Liaoning Province, China, 2012-2013

(Northeast China Rural Cardiovascular Health Study)

Table 3 Multiple linear regression models for blood pressure measurements for the entire cohort of rural
adult residents (n 10 555) with high salt intake, Liaoning Province, China, 2012-2013 (Northeast China Rural

Cardiovascular Health Study)

Systolic blood pressure

Diastolic blood pressure

B 95% Cl  Pvalue Adjusted B2 95% Cl  Pvalue Adjusted R?
Sodium 0-03 0-00, 0-06 0-042 29-0% 0-04 001,007 0-021 20-1 %
Potassium -0-02 -0-05, 0-01 0-134 -0-05 -0.08, —0-01 0-004
Chloride —-0-01 -0-04, 0-02 0-575 —-0-002 -0-04, 0-03 0-886
Total calcium 0-08 0-05, 0-11 <0-001 0-10 006,013 <0-001
Phosphate -0-10 -0-14, -0-07 <0-001 —-0-06 -0-10, —0-03 <0-001
Magnesium  -0-03 -0.-06, 0-00 0-039 —-0-03 -0-06, 0-00 0-059

are shown in the online supplementary material, Supple-
mental Table 2 and Supplemental Table 3, respectively.
Participants who took an angiotensin-converting enzyme
inhibitor or an angiotensin II receptor blocker had a
stronger negative relationship between serum potassium
levels and both DBP (2=0-001) and SBP (< 0-001) than
participants who did not take these medications. Partici-
pants who took herbal medication (which may contain
diuretics or other drugs) at least two weeks prior to the
study had a negative relationship between serum sodium
and both DBP and SBP. Herbal medication also had a
stronger negative relationship between serum chloride
and SBP. Participants who took a calcium channel blocker
had a reversed and positive relationship between serum
magnesium and SBP compared with those who did not.
The effect of beta-blockers (12 34) on the regression of
serum electrolytes v. blood pressure was not analysed due
to low numbers.

Frequency of bypertension across stratified
electrolyte groups

The frequency of hypertension stratified by IH and PDH is
shown in Fig. 3. After stratification based on frequency,
only sodium and total calcium had significant differences
in hypertension frequency between stratified groups (both
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P<0-001D). Participants in the highest calcium quartile had
significantly higher frequency of hypertension (55 %) than
all other quartiles. In the highest quintile of sodium, fre-
quency of hypertension (51 %) was higher than all other
quintiles.

Odds of bypertension across stratified electrolyte
groups

Higher serum total calcium was associated with higher
odds of TH (Pyena=0-001) and PDH (Pyepng 0-001) across
the quartiles after adjusting for factors in model 2
(Table 4). Participants in the highest quartile of serum
calcium had 58% higher odds of developing IH (OR=
1-58) and 64 % higher odds of PDH (OR = 1-64) than those
in the lowest quartile.

Higher serum phosphate levels had increasingly lower
odds of TH (Pyeng <0-001), the highest quartile of serum
phosphate had 25% lower odds than the lowest quartile
(OR=0-75). Serum phosphate had no significant associa-
tion with PDH across the quartiles in either model.

There were significantly lower odds of TH (OR=0-80;
P=0-006) and PDH (OR=0-77; P<0-001) in the higher
serum magnesium group.

There were no significant associations in both IH and
PDH odds across the quintiles of serum sodium.
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Study). *P<0-05

Although there was a significant linear trend in the odds
of hypertension across serum potassium quintiles, a
U-shaped trend was more evident. Odds of IH were the
lowest in the third quintile at 28% lower than the first
quintile, and the odds of PDH were lowest in the fourth
quintile at 28 % lower than the first quintile.

Higher serum chloride was associated with lower odds
of PDH across the quartiles after adjusting for all covariates
(Pyrena=0-001). Participants in the highest quartile of
serum chloride had 36 % lower odds of PDH than those in
the lowest quartile (OR = 0-65).

Discussion

The present study is the first to examine the association of
six common electrolytes with both IH and PDH in a large
Chinese cohort from a region with high salt intake. In the
studied region, the general population has an average
daily salt intake of 9-7g/d and more than half of the
population (51 %) is hypertensive®. In the present study,
we found several significant associations between serum
electrolytes and hypertension.

First, we found that serum total calcium levels were
positively associated with both IH and PDH, and that
hypocalcaemia and hypercalcaemia were associated with
lower and higher odds of hypertension, respectively.
Calcium imbalances were the only electrolytic factors
consistently associated with odds of hypertension in our
study cohort. Although serum phosphate was also found
to be linearly associated with IH, this relationship was
inversed. This may be a reflection of the calcium phos-
phate product. Previous studies that examined the asso-
ciation between serum calcium and hypertension have
shown mixed results. Studies that reported a positive
association between serum calcium and blood pressure or
hypertension*™®  excluded females or persons with
cardiac disease, stroke or diabetes, while those that
reported an inverse or no association were performed in
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selected cohorts, such as diabetic'”, pregnant®=? or

small cohorts"**7%> Our study included patients who
were otherwise excluded in previous studies (previous
medical history of hypertension, CVD, CHD, stroke and
diabetes mellitus) and had findings that are consistent with
several large studies: the National Health and Nutrition
Examination (NHANES) III (3437 hypertensives, 8968
normotensives)®, the Tromsg study (12865 men, 14293
women)'”, a Belgian study (4167 men, 3891 women)"'®,
a British study (7735 men)'”, and others®®*”. This sug-
gests that serum total calcium might be a risk factor for
hypertension. In contrast to serum total calcium, serum
ionized calcium has been shown to be inversely asso-
ciated with blood pressure or hypertension in several
studies®®?; however, ionized calcium was not measured
in the present study. Calcium’s effect on blood pressure is
most prominent in its influence on muscle contraction and
vascular resistance®**?. The relationship between overt
hypercalcaemia and hypertension may manifest with low
serum ionized calcium, elevated parathyroid hormone
levels or an increase in renal calcium excretion, which
reveals other underlying aetiologies related to parathyroid
hormone metabolism®>*®. In contrast, studies have
shown that low calcium intake is related to higher blood
pressure in the general population®” | including preg-
nant women“”, and that calcium supplementation lowers
blood pressure. On the other hand, some studies have also
shown that high calcium intake is a risk for cardiovascular
mortality*’*?. This U-shaped relationship between cal-
cium intake and hypertension™*® suggests that a
reduction in calcium intake may exacerbate the calcium-
related aetiologies for hypertension. Therefore, an ade-
quate calcium intake may have protective effects on blood
pressure regulation.

Furthermore, we found that participants with higher
serum magnesium levels had lower odds of both TH and
PDH. However, several studies on serum magnesium
showed no association with blood pressure or hyperten-

sion 184449 1 contrast, studies on urinary magnesium
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Table 4 Odds ratios of hypertension by baseline serum electrolyte levels among rural adult residents (n 10 555) with high salt intake, Liaoning Province, China, 2012—2013 (Northeast China Rural

Cardiovascular Health Study)

Incident hypertension

Previously diagnosed hypertension

Model 1 Model 2 Model 1 Model 2
Serum electrolyte stratification Cases/controls OR 95% ClI OR 95% ClI Cases/controls OR 95% ClI OR 95% Cl
Sodium (mmol/l)
<139 589/952 Referent Referent 267/952 Referent Referent
139-140 635/1140 0-863 0-741, 1.005 1-103 0-938, 1-296 305/1140 0-923 0-752, 1133 1.120 0-895, 1-400
140-141 677/1294 0-763 0-658, 0-886 1-059 0-902, 1-245 355/1294 0-839 0-687, 1-024 1.079 0-864, 1-347
141-142 642/1147 0-714 0-613, 0-832 1-039 0-878, 1-229 345/1147 0.777 0-634, 0-953 1.085 0-862, 1-366
>143 744/1069 0-828 0-712, 0-963 1-160 0977, 1-378 383/1069 0-798 0-651, 0-978 1-198 0-944, 1-520
P for linear trend <0-0001 <0-0001 <0-0001 0-0004
Potassium (mmol/l)
<390 733/1177 Referent Referent 390/1177 Referent Referent
3.90—4-10 699/1288 0-833 0-724, 0-958 0-822 0-711, 0-950 390/1288 0-870 0-727, 1-041 0-876 0-724, 1-059
4.10-4-29 502/921 0-813 0-698, 0-946 0717 0-611, 0-842 251/921 0-780 0-638, 0-954 0.774 0-626, 0-957
4.29-4.50 803/1394 0-818 0-714, 0-937 0-804 0-697, 0-927 388/1394 0-747 0-625, 0-893 0-724 0-600, 0-874
>4.50 550/822 0-996 0-856, 1-159 0-873 0-743, 1-026 236/822 0-859 0-700, 1-052 0-814 0-654, 1-012
P for linear trend <0-0001 <0-0001 < 0-0001 <0-0001
Chloride (mmol/l)
<100 729/1383 Referent Referent 462/1383 Referent Referent
101-102 909/1647 1-009 0-887, 1-148 1.013 0-881, 1-164 476/1647 0-812 0-690, 0-956 0-799 0-668, 0-956
102-104 894/1478 1.034 0-907, 1-179 0-995 0-856, 1-157 424/1478 0-745 0-630, 0-881 0773 0-636, 0-939
>104 755/1094 1-142 0-995, 1-311 1.032 0-872, 1-220 293/1094 0-634 0-526, 0-763 0-645 0-513, 0-811
P for linear trend <0-0001 <0-0001 < 0-0001 <0-0001
Total calcium (mmol/l)
<2-24 720/1663 Referent Referent 444/1663 Referent Referent
2:24-2-33 798/1555 1127 0-989, 1-284 1132 0-987, 1.297 431/1555 1-025 0-869, 1-209 1-099 0-922, 1-309
2.33-2:42 876/1336 1.446 1.269, 1-648 1.362 1176, 1.577 380/1336 1-059 0-892, 1-256 1.203 0-990, 1-461
>2:42 893/1048 1.982 1.734, 2.264 1.577 1.344, 1.852 400/1048 1.503 1.263, 1.787 1.635 1.324, 2.018
P for linear trend 0-002 0-0003 0-0004 0-0022
Phosphate (mmol/l)
<0-99 950/1413 Referent Referent 409/1413 Referent Referent
0-99-1-10 810/1440 0-902 0-794, 1-026 0-852 0-745, 0-974 398/1440 0-970 0-814, 1-156 0918 0-763, 1-103
1.10-1-21 776/1365 0.927 0-813, 1-058 0-830 0-722, 0-953 398/1365 1.037 0-868, 1-240 0-925 0-766, 1-118
>1-21 750/1384 0-876 0-766, 1-004 0-748 0-646, 0-866 450/1384 1-060 0-885, 1-271 0-837 0-687, 1-020
P for linear trend <0-0001 <0-0001 < 0-0001 <0-0001
Magnesium (mmol/l)
<0-84 1621/2879 Referent Referent 898/2879 Referent Referent
>0-84 1666/2723 0.972 0-886, 1-066 0-864 0-778, 0-959 757/2723 0-818 0-724, 0-925 0-768 0-667, 0-884
P value 0-547 0-005 0-001 0-008

Model 1 was adjusted for age (categorical: 35-44, 45-54, 55-64, >65 years of age), gender and BMI.
Model 2 was adjusted for factors in model 1 and fasting plasma glucose, lipid profile, smoking, drinking, diabetes mellitus, stroke, CHD, estimated glomerular filtration rate, daily salt intake and other electrolytes.
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such as the PREVEND“* and the CARDIAC study“® have
shown an inverse association with risk of hypertension,
and this relationship remained after adjustment for con-
founding factors. Moreover, the protective effect of mag-
nesium intake against hypertension may be more apparent
in hypomagnesaemic persons(@. In a meta-analysis,
magnesium supplementation decreased SBP by 3-4 mmHg
and DBP by 2-3 mmHg; however, the included studies
did not specify the baseline serum magnesium levels“*® .
Similar to phosphate, the pathophysiological mechanism
of magnesium mainly includes calcium-magnesium
antagonism.

Another finding is the association of hypochloraemia
and lower quartiles of serum chloride with higher odds
of PDH. Our findings are supported by the NHANES
study, which found that lower serum chloride, corre-
sponding to higher anion gap, is associated with higher
blood pressure in a normotensive cohort™”. Further-
more, in a Glasgow study on treated hypertensive
patients, lower serum chloride was associated with
higher baseline blood pressure®”. There is increasingly
more evidence that chloride may be even more impor-
tant than sodium in blood pressure regulation in popu-
lations with high salt intake®" .

In addition, serum sodium and potassium displayed a
non-linear association with hypertension, which is sup-
ported by Mente et al.®*. Our results are also consistent
with a Xinjiang study®® conducted in another region of
high salt intake in China. A high dietary sodium chloride
intake has also been shown to increase the pressor
response to both noradrenaline and angiotensin II, and
thus contribute to salt sensitivity. The research of Dahl
et al.®* recognised and made it putative that the effects of
high salt intake are not necessarily immediate. When an
entire population eats salt excessively, hypertension will
develop among those genetically susceptible. Therefore,
epidemiological studies of salt v. blood pressure will not
show a relationship of salt to hypertension. This was
termed the saturation effect.

The present study has the advantages of a large sample
size with high frequency of hypertension in a population
with high salt intake, and the availability of six serum
electrolytes measurements. However, the cross-sectional
nature of our study cannot determine a causal effect
between electrolytes and hypertension. Another major
limitation is the method of daily salt intake estimation.
Although participants were interviewed individually on
salt intake, the questions were household-based and
hence could only reflect the average salt intake per
household according to each participant’s response. This
response may also differ between members of the same
household. Although bias due to unmeasured confound-
ing factors, such as serum bicarbonate, plasma renin,
albumin, parathyroid hormone, vitamin D, dietary intake
of electrolytes and urinary electrolyte excretion could not
be excluded, selection bias was low due to the population-
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based nature and high participation rate of the study. The
excluded participants were largely hypertensive; there-
fore, the present study’s results may be an underestimation
of the effects in the previously diagnosed hypertensive
group. Furthermore, as data collection occurred indepen-
dently of the research question, electrolyte measurements
were not recorded to the smallest decimal, therefore
serum magnesium could only be analysed as two stratified
groups. Even though we were unable to assess the rela-
tionship of albumin-corrected calcium with hypertension,
the upper range of the lowest total calcium quartile
(2-24 mmol/D) was just below the clinical lower limit for
normal serum calcium (2-25 mmol/D. As essential hyper-
tension accounts for approximately 95% of all types of
hypertension in the general population®, our results
largely reflect this group even though the distinction was
not made with secondary hypertension. Finally, it is
important to emphasize that 24h urine samples and
intracellular electrolyte concentrations may correlate best
with physiological effects, but are difficult to obtain in
large epidemiology studies. As only a small number of
participants had very high glucose levels, serum sodium
was not corrected for serum glucose.

Conclusion

In conclusion, serum total calcium, magnesium and
chloride levels displayed the most significant association
with TH and/or PDH. In the clinical setting, patients with
IH may have electrolyte disturbances, such as hypercal-
caemia, which may indicate other underlying aetiologies.
Further prospective studies are also needed to evaluate the
relationship of chronic serum electrolyte imbalances with
the development of hypertension.
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