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ABSTRACT
Background Gitelman syndrome is a salt-losing tubulopathy caused by mutations in the SLC12A3 gene,
which encodes the thiazide-sensitive sodium-chloride cotransporter. Previous studies suggested an
intermediate phenotype for heterozygous carriers.
Methods To evaluate the phenotype of heterozygous carriers of pathogenic SLC12A3 mutations, we
performed a cross-sectional study of patients with Gitelman syndrome, heterozygous carriers, and healthy
noncarriers. Participants measured their BP at home for three consecutive days before hospital admission
for blood and urine sampling and an oral glucose tolerance test.
Results We enrolled 242 participants, aged 18–75 years, including 81 heterozygous carriers, 82 healthy
noncarriers, and 79 patients with Gitelman syndrome. The three groups had similar age, sex ratio, and
body mass index. Compared with healthy noncarriers, heterozygous carriers showed signiﬁcantly higher
serum calcium concentration (P=0.01) and a trend for higher plasma aldosterone (P=0.06), but measures of
home BP, plasma and urine electrolytes, renin, parathyroid hormone, vitamin D, and response to oral
glucose tolerance testing were similar. Patients with Gitelman syndrome had lower systolic BP and higher
heart rate than noncarriers and heterozygote carriers; they also had signiﬁcantly higher fasting serum
glucose concentration, higher levels of markers of insulin resistance, and a three-fold higher sensitivity to
overweight. According to oral glucose tolerance testing, approximately 14% of patients with Gitelman
syndrome were prediabetic, compared with 5% of heterozygous carriers and 4% of healthy noncarriers.
Conclusions Heterozygous carriers had a weak intermediate phenotype, between that of healthy noncarriers and patients with Gitelman syndrome. Moreover, the latter are at risk for development of type 2
diabetes, indicating the heightened importance of body weight control in these patients.
JASN 30: 1534–1545, 2019. doi: https://doi.org/10.1681/ASN.2019010031

Gitelman syndrome (GS; Online Mendelian Inheritance in Man no. 263800) is a rare, salt-losing tubulopathy characterized by hypokalemic metabolic
alkalosis, hypomagnesaemia, hypocalciuria, and
normal or low BP.1 It may be associated with impaired glucose tolerance.2 Loss-of-function variants
in SLC12A3, which encodes the thiazide-sensitive
sodium-chloride cotransporter, are responsible for
most cases.
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The reported prevalence of GS is one in 40,000.3,4 On the
basis of this prevalence, the heterozygous carrier frequency is
estimated at 1% of the population. However, the measured
frequency in a Chinese population was 3%.5 Simon et al.6
suggested that heterozygous carriers of variants in SLC12A3
might present with modestly reduced BP and reduced sodium
reabsorption, leading to a shift in the renal pressure natriuresis
relationship.
Accordingly, low ofﬁce BP values were reported in 49 patients recruited in the Framingham Health study who were Het
for loss-of-function variants of the SLC12A3, SLC12A1, and
KCNJ1 genes involved in GS and Bartter syndromes, suggesting that these heterozygous variations may protect from
development of hypertension (HTN).7 Nandakumar et al.8
replicated the study in a population of 7444 European ancestry
individuals from the Atherosclerosis Risk in Communities
study. They detected 65 different variants in the same three
genes in 121 individuals, among them 92 heterozygous for
SLC12A3 variants. A signiﬁcant decrease of BP was present
only in a subset of 29 patients harboring ten variants common
to the Framingham study, including ﬁve variants in SLC12A3.
These studies analyzed a small number of individuals from
very large unselected cohorts, and participants expressed
SLC12A3 variants that may differently affect the function of
the sodium-chloride cotransporter. Family studies that allow
for investigation of larger populations of heterozygous relatives of patients with GS with known loss-of-function variants
have provided inconsistent results with regards to the phenotype of heterozygous carriers. Cruz et al.9 studied 199 members of a large Amish kindred, including 26 patients with GS
who were homozygous for a deletion in SLC12A3, 113 heterozygous carriers of the deletion, and 60 noncarriers. They
reported that heterozygous children, but not adults, had signiﬁcantly lower ofﬁce BP levels than wild-type relatives. This
result was not conﬁrmed in a cohort of 29 heterozygous Chinese children compared with 471 noncarrier children. Finally,
other studies have observed intermediate calcium excretion
and fasting glucose in heterozygous carriers,3,5,9 or higher
urinary pH suggestive of metabolic alkalosis.10
The aim of this study was to evaluate the effect of pathogenic
SLC12A3 heterozygous variants by analysis of a large group of
heterozygous carriers related to patients with GS compared
with healthy noncarrier controls. We measured home BP
(HBP) and evaluated renal homeostasis of electrolytes and
calcium and bone remodeling. Glucose metabolism was investigated in response to an oral glucose tolerance test
(OGTT).
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Signiﬁcance Statement
About 1% of the population is heterozygous for loss-of-function
variants in SLC12A3, which encodes the thiazide-sensitive sodium-chloride cotransporter. Biallelic SLC12A3 mutations are
responsible for Gitelman syndrome, a salt-losing tubulopathy. In a
cross-sectional study of 81 heterozygous carriers, 82 healthy noncarriers, and 79 patients with Gitelman syndrome of similar age, body
mass index, and sex ratio, the authors assessed ﬁndings from home BP
monitoring, oral glucose tolerance testing, and assays of plasma and
urine electrolyte and hormone levels. They found evidence for a subtle
intermediate phenotype in heterozygous carriers and demonstrated a
resistance to insulin in the patients with Gitelman syndrome. These
ﬁndings indicate that counseling of such patients is warranted to reduce their risk of type 2 diabetes and to reassure them about the
health of their heterozygous relatives.

III, France. All investigations were performed in accordance
with the principles of the Declaration of Helsinki. This study
was registered at Clinicaltrials.gov (identiﬁer NCT02035046).
The cross-sectional study included three groups with participants ranging from 18 to 75 years old. Men and women
were recruited from six tertiary-care French university hospitals in Paris, Lyon, Toulouse, Limoges, and Bordeaux, between
December 2013 and August 2016. Participants were distributed into three groups on the basis of genetic status carrying
0, 1, or 2 variants of 4–5 class in the SLC12A3 gene, according
to the classiﬁcation of the American College of Medical Genetics (ACMG)11 (see ﬂow chart in Supplemental Figure 1).
One group included patients with GS phenotype according to
the Kidney Disease: Improving Global Outcomes guidelines,1
who were homozygous or compound heterozygous for
SLC12A3 pathogenic variants (n=79). Patients with GS
with a pathogenic variant identiﬁed on only a single allele
were excluded from the study. The second group were heterozygous carriers (Het) selected mainly from relatives of patients with GS (n=81). The third group were noncarrier
healthy subjects (HS) without known history of HTN or of
type 2 diabetes or ongoing antihypertensive treatment (n=82).
The HS were recruited from relatives of patients with GS and
healthy volunteers registered with the clinical investigation
center of the Hôpital Européen Georges-Pompidou. Attempts
were made to match age, sex, and body mass index (BMI) of
Het and HS groups. Exclusion criteria for all participants were
history of inﬂammatory or autoimmune diseases or cancer in
the past 3 years, treatment with thiazide diuretics, and pregnancy or breast-feeding. Individuals with variants of uncertain
signiﬁcance were excluded.
Molecular Genetics

METHODS
Cross-Sectional Study Design

All participants provided written informed consent for participation in the study. The protocol was approved by the
“Comité de Protection des Personnes,” Paris-Île de France
JASN 30: 1534–1545, 2019

Sanger sequencing of coding regions of SLC12A3 was used to
identify point variants, and multiplex ligation-dependent
probe ampliﬁcation was used to identify large rearrangements
as previously described.12 Four patients with GS were analyzed
by next-generation sequencing as recently described. 13
SLC12A3 coding regions were sequenced by Sanger in all
Carriers of Gitelman Syndrome–Related Mutations
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healthy controls. In all groups the ﬁrst results were conﬁrmed
in an independent second sample. All genetic analyses were
centrally performed at the Genetics Department at Hôpital
Européen Georges-Pompidou, Paris.
Study Protocol

Patients were asked to measure seated BP and heart rate (HR)
at home with a validated electronic device (OMRON M6) three
times in the morning and evening on the 3 days preceding
admission. Permanent HTN was deﬁned as a mean home
systolic BP (SBP) $135 mm Hg and/or diastolic BP
$85 mm Hg.14 Masked HTN was deﬁned as normal ofﬁce
BP (,140 or 90 mm Hg) and high BP at home ($135 or
85 mm Hg). White-coat HTN was deﬁned as high ofﬁce BP
($140 or 90 mm Hg) and normal BP at home (,135
and 85 mm Hg).14
For the OGTT, blood was sampled at approximately
09:00 AM. in fasting conditions after 1 hour of rest in a semirecumbent position. Participants then ingested 75 g glucose
with 250 ml water over a period of ,5 minutes. Plasma glucose and insulin concentrations were measured before and
120 minutes after the oral glucose load. Participants were instructed to collect their 24-hour urine the day before the visit
and to follow their usual diets before testing. The biologic
samples were stored and managed by the Biologic Resources
Center and Tumor Bank Platform (Biobank number:
BB-0033–00063).
Laboratory Methods

Biochemical and hormone measurements were performed
blind to the group in a centralized laboratory (Department
of Physiologic Functional Investigations, Hôpital Européen
Georges-Pompidou) with exceptions of lipid and liver panels
that were measured in local laboratories.
Plasma renin and aldosterone concentrations were measured by immunoradiometric assay (Renin III, Cisbio Bioassays) and by chemiluminescent immunoassay (LIAISON
Aldosterone; DiaSorin), respectively on the Liaison automat.
Plasma and urine sodium and potassium concentrations were
measured using ﬂame photometry (IL943; Instrumentation
Laboratory). The 24-hour urine aldosterone output was measured after hydrolysis at pH 1.
Insulin was measured with paramagnetic chemiluminescent
immunoassay with Access Ultrasensitive Insulin reagents,
DxI800 system (Beckman Coulter). Insulin sensitivity was assessed by two indices, the index of insulin resistance of the Homeostasis Model Assessment of Insulin Resistance (HOMA-IR)
and the quantitative insulin sensitivity check index (QUICKI).
HOMA-IR was calculated as follows: HOMA-IR=fasting plasma
insulin (mUI/l)3 plasma glucose (mmol/l)/22.5. 15 The
QUICKI, proposed by Katz et al.,16 was calculated as follows:
1/(log[fasting plasma insulin]+log[fasting plasma glucose]). Impaired glucose tolerance was deﬁned as impaired fasting glucose
ranging from 5.6 to 6.9 mmol/l or 2-hour values in the OGTT
of 7.8–11.0 mmol/l.17
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Calcium and magnesium in plasma and urine were measured using atomic absorption spectrometry (Solar iCE 3000;
ThermoScientiﬁc). Intact parathormone (PTH) and bone remodeling markers (osteocalcin and collagen 1 C telopeptides)
were measured using sandwich chemiluminescent immunoassays (Cobas e411; Roche Diagnostics). Vitamin D was measured using competition chemiluminescent immunoassay
(Isys; ImmunoDiagnostic Systems). Calcitriol was measured
with a radio-immunoassay (ImmunoDiagnostic Systems).
Creatinine was measured in plasma and urine with enzymatic
and Jaffe kinetic assays, respectively, using Konelab 20 (IDMS
traceable; ThermoScientiﬁc). Plasma cystatin C was measured
by immunoturbimetric assay (Cobas c502; Roche Diagnostics). eGFR was calculated by the CKD Epidemiology Collaboration formula, on the basis of plasma cystatin C.18
Statistical Analyses

The primary objective of the study was to determine whether Het
carriers had different home SBP than HS or patients with GS.
The secondary objectives were to determine whether Het carriers
differed from HS and patients with GS in terms of hormonal,
metabolic, or electrolyte parameters. Assuming a 10 mm Hg difference in home SBP between any of the three groups, an SD of
19 mm Hg, and a two-sided type 1 error rate of 0.017%, a sample
size of 77 evaluable participants per group would yield 80%
power. To account for up to 10% missing data on the primary end
point, we planned to include a total 250 individuals in the study.
We used ANOVA or a Kruskal–Wallis test for continuous
variables and chi-squared tests or Fisher tests for categorical
variables. Normal distribution of the variables was tested with
the Shapiro–Wilks test. Logarithmic or square-root transformation was used where appropriate for non-normally distributed parameters. When the overall tests were signiﬁcant, we
performed 232 comparisons with the Tukey test or Dunn
post hoc test. The relationship between variables was studied
by linear regression. We estimated Pearson and Spearman correlation coefﬁcients for normally and non-normally distributed variables, respectively. The slopes and intercepts of the
regression lines were compared between the three groups.
Results are presented as medians (interquartile range
[IQR]) for continuous variables and frequency (percentage)
for categorical variables. Between-group differences are expressed as arithmetic means or ratios of geometric means with
their 95% conﬁdence intervals (95% CIs). Except as otherwise
stated, we performed two-sided tests and a P value ,0.05 was
considered statistically signiﬁcant. The code for data analysis
was generated using SAS software and the dunn.test package
in “R” software (https://www.R-project.org/).

RESULTS
Genetic Analyses of SLC12A3 in the Cohort

The cohort (n=242) comprised 81 healthy Het carriers,
82 HS, and 79 patients with GS. Seventy-four different
JASN 30: 1534–1545, 2019
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variants in SLC12A3 were detected (Supplemental Table 1)
including missense (57%), frameshift (17%), and splice site
variants (15%). Nine pathogenic variants (one large rearrangement, one frameshift, four splice site, one nonsense,
and two missense) are newly described. Among patients with
GS, nine were homozygous and 70 were compound heterozygous for pathogenic variants. In the Het group, 18% harbored one variant class 4% and 82% had one variant class 5
as classiﬁed by the ACMG.
Estimation of Frequency of SLC12A3 Heterozygosity in
the General Population

We analyzed the latest release of the gnomAD database v2.1
(http://gnomad.broadinstitute.org), which includes data on
141,448 individuals, to estimate the frequency of SLC12A3
heterozygosity in the general population. Among individuals in the database, 0.72% (1026) harbor heterozygous
SLC12A3 loss-of-function variants (nonsense, frameshift,
and variants affecting the two ﬁrst nucleotides of splice
sites), and missense variants classiﬁed as likely pathogenic
or pathogenic after in vitro expression. In addition, 0.42%
(593) harbor in-frame or missense variants classiﬁed as
pathogenic using the ACMG classiﬁcation (which relies
mainly on family segregation criteria). Finally, 3453 individuals (2.44%) have missense and in-frame variants with
an allele frequency ,0.1%. Thus, we estimate that 1.14% of
the population is heterozygous for well established pathogenic mutations in SLC12A3 and 3.6% are heterozygous
when nonclassiﬁed variants of very low frequency are
included.
Comparison of Hemodynamic Parameters, Water and
Electrolyte Homeostasis, and Renal Function in the
Entire Cohort

The three groups were comparable in age, BMI, and sex ratio
(Table 1). None of the 82 HS cohort had HTN history, but
HTN was newly discovered in seven HS. Of the 81 Het subjects, 72 were normotensive (eight white-coat HTN), seven
had HTN history and were prescribed antihypertensive drugs,
and two had newly discovered HTN. Of the 79 patients with
GS, 24 were being treated for hypokalemia with potassiumsparing diuretics or aldosterone antagonists. Eleven patients
with GS had permanent HTN: six were controlled by antihypertensive drugs (including potassium-sparing diuretics)
and ﬁve were untreated.
Het carriers had similar home SBP to HS (mean difference 20.3 mm Hg; 95% CI, 22.5 to +3.2; P=0.93). None of
the Het carriers had electrolyte or hormonal abnormalities.
Patients with GS had signiﬁcantly lower SBP than HS
(P=0.04) but not Het (P=0.11). No between-group difference in diastolic BP was observed (Table 1). Patients with GS
had higher HR than HS (P,0.001) and Het (P=0.02) groups
(Table 1, whole population). As expected, there was a positive correlation between home SBP and age in the Het group
JASN 30: 1534–1545, 2019
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(rho=0.43; P,0.001) and HS (rho=0.38; P,0.001). This
increase in home SBP was blunted in patients with GS
(rho=0.16; P=0.17). SBP is plotted versus age for participants from the cohort in Figure 1.
As compared with HS, Het had similar water, sodium, and
potassium intakes as reﬂected by daily urinary output and
sodium and potassium excretion. HS and Het had similar
plasma potassium (P=0.35) and plasma renin (P=0.78) concentrations (Table 2). Plasma aldosterone concentration was
higher in Het than in HS, and the difference was just over the
limits of statistical signiﬁcance (P=0.06). Het and HS groups
also had similar eGFR, plasma magnesium concentrations
(P=0.99), and daily urinary magnesium excretion (P=1.00)
(Table 2). Plasma calcium concentration in Het was slightly
higher than in HS (mean difference 0.04 mmol/l; 95% CI,
0.01 to 0.07; P=0.01), whereas plasma PTH concentration
was slightly but not signiﬁcantly lower (mean difference 210%; 95% CI, 219% to 0%; P=0.11). There was no
difference between Het and HS in terms of daily urinary
calcium excretion (P=1.00) or calcium-to-creatinine ratio
(P=1.00) (Table 2). The two groups had similar levels
of vitamin D, calcitriol, and bone remodeling markers
(Supplemental Table 2).
Patients with GS presented with secondary aldosteronism
due to a renal loss of sodium as reﬂected by a six-fold increase
in plasma renin (mean GS/HS ratio, 6.3; 95% CI, 4.9 to 8.1;
GS/Het ratio, 5.9; 95% CI, 4.6 to 7.6; P,0.001) and a 50%
increase in plasma aldosterone concentration relative to HS
(mean GS/HS ratio, 1.8; 95% CI, 1.4 to 2.4; GS/Het ratio,
1.5; 95% CI, 1.1 to 1.9; P,0.001 both). Patients with GS
displayed marked hypokalemia (mean difference 21.22
mmol/l; 95% CI, 2 1.35 to 2 1.08 and 2 1.13 mmol/l;
95% CI, 21.2 to 20.99; P,0.001, GS versus HS and Het,
respectively) and hypomagnesemia (mean difference 20.21
mmol/l; 95% CI, 20.24 to 20.18; GS versus both groups,
P,0.001). GFR estimated using creatinine-based
(not shown) or cystatin C-based CKD-EPI did not differ
between those with GS and Het or HS groups (Table 2).
Finally, patients with GS had higher plasma calcium concentrations and lower daily urinary calcium excretion and
fractional urinary calcium excretion than both HS and Het
groups (Table 2). This was associated with 28% and 20%
lower plasma PTH concentrations as compared with HS and
Het, respectively (GS versus both groups, P,0.001), despite
similar plasma vitamin D concentrations. Plasma calcitriol
and markers of bone remodeling markers were lower in
patients with GS than in Het and HS groups (Supplemental
Table 2).
Analyses in Subpopulations of Nonhypertensive and
Nondiabetic Subjects and Those Not Treated with
Potassium-Sparing Diuretics

Because HS were selected for the absence of diabetes, HTN
history, and antihypertensive treatments, we applied these
criteria to the Het and GS groups and repeated analyses
Carriers of Gitelman Syndrome–Related Mutations
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Table 1. Clinical characteristics of subjects, HTN history and treatment, and home BP measurements (three measurements
morning and evening, three consecutive days)
Characteristics
Whole population
Age, yr
BMI, kg/m2
Women/men (ratio)
Past history of HTN
Newly discovered HTN
White-coat HTN
Antihypertensive drugs
Potassium-sparing diuretics
ACE inhibitors
ARB
b-blockers
Calcium channel blockers
Home BP
SBP, mm Hg
Diastolic BP, mm Hg
HR, bpm
Subpopulations
Antihypertensive drugs
Home BP
SBP, mm Hg
Diastolic BP, mm Hg
HR, bpm

HS (n=82)

Het (n=81)

GS (n=79)

ANOVA P Value

40.3 [28.1; 56.1]
23.8 [21.5; 25.4]
44/38 (0.53)
0
7
3

43.2 [25.7; 58.4]
23.2 [21.6; 25.7]
46/35 (0.57)
6
3
8

39 [27.7; 51.1]
23.8 [20.7; 26.5]
42/37 (0.53)
6
5
2

0.85
0.89
0.9

0
0
0
0
0

—
3
3
4
2

30
1
1
4
—

118 [112; 127]a
71 [66; 76]
70 [63; 77]b
(n=82)
0

116 [108; 127]
70 [64; 76]
69 [64; 77]a
(n=74)
0

113 [107; 121]
70 [66; 74]
74 [69; 79]
(n=49)
0

0.04
0.82
0.005

118 [112; 127]
71 [66; 76]
70 [63; 77]a

116 [108; 125]
69 [64; 76]
69 [63; 79]a

113 [107; 124]
69 [66; 72]
75 [69; 79]

0.13
0.59
0.009

Whole population analyses: all participants were included in the study. Subpopulation: hypertensive or diabetic participants were excluded as were patients with
GS treated with potassium-sparing diuretics. Data are presented as median [IQR]. ACE, angiotensin-converting enzyme; ARB, angiotensin II receptor blocker.
For HS or Het versus patients with GS.
a
P,0.05.
b
P,0.001.

excluding 7 Het and 29 patients with GS. The difference in
home SBP observed between patients with GS and their
counterparts when the entire cohort was considered was
no longer signiﬁcant in the subpopulation (P=0.13 for GS
versus HS and 0.57 for GS versus Het, respectively), but HR
was higher in patients with GS than both other groups
(mean difference +4.8 bpm; 95% CI, +1.5 to +8.0; P=0.01
for GS versus HS, and +4.3 bpm; 95% CI, +1.0 to +7.6;
P=0.03 for GS versus Het) (Table 1, subgroup analysis).
The positive correlation between home SBP and age observed in the entire cohort was also observed in the Het
subpopulation (rho=0.39; P,0.001). This increase in
home SBP was blunted in patients with GS when only those
who were nonhypertensive, nondiabetic, and not treated
for HTN were considered (rho=0.25; P=0.08). Differences
in plasma concentrations of potassium, magnesium, renin,
and aldosterone as well as in urinary excretion of sodium, potassium, magnesium, and calcium between these
subpopulations were similar to those observed in the whole
population (Table 3). The subtle effects of heterozygosity
on phenotype are demonstrated by signiﬁcant differences in plasma aldosterone concentration and plasma calcium and slight differences in aldosterone excretion and
plasma PTH concentration in Het compared with HS
groups (Supplemental Figure 2).
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Comparison of Glucose Tolerance and Lipid and Liver
Panels in the Entire Cohort

In fasting conditions, neither plasma glucose nor insulin concentrations differed between Het and HS (Table 4). Insulin
resistance was evaluated using the HOMA-IR and the
QUICKI. At baseline, the two indices were similar between
Het and HS. Similar increases in plasma glucose and plasma
insulin concentrations were observed 2 hours after oral glucose load in both Het and HS (P=1.00). Patients with GS had
similar fasting plasma glucose and insulin concentrations to
Het and HS groups, but plasma glucose and insulin concentrations after the oral glucose load were much higher in patients with GS (P,0.001; Table 4). A total 14% of patients
with GS had prediabetes versus 4% in HS and 5% in Het
groups.
As compared with both Het and HS, patients with GS had
a markedly higher HOMA-IR index (P,0.001 and P,0.001)
and a lower QUICKI (P,0.001 and P=0.003; Figure 2, A and
B, Table 4). Het and HS groups had similar relationships between HOMA-IR and BMI (slope 0.0276 0.007 and
0.04360.008 mUI3L 2 1 /Kg per m 2 ; P=0.14, and intercept 20.0560.18 and 20.4760.19 mUI3L21/Kg per m2;
P=0.11, respectively). In contrast, in patients with GS, the
slope of the linear regression was steeper and backward shifted
(slope of 0.08560.009 mUI3L21/Kg per m2; P,0.001 for GS
JASN 30: 1534–1545, 2019
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Figure 1. SBP and diastolic BP (DBP) between groups and by age after exclusion of heterozygous carriers with HTN or diabetes history
and patients with GS treated with potassium-sparing diuretics. (A) Relationship between home SBP and age in HS (blue), Het (green),
and GS (red) groups. (B) Linear regression of relationships with 95% CIs. (C) SBP in participants aged under and over 50 years, with
median and IQR. (D) Mean SBP in participants aged under and over 50 years, with median and IQR. Data are means of three consecutive measurements morning and evening on three consecutive days. **P,0.001; ***P,0.001.

versus HS and P,0.001 for GS versus Het; intercept
of 21.1160.21; P=0.02 for GS versus HS and P,0.001 for
GS versus Het; Figure 2C).
Patients with GS had low potassium and low magnesium concentrations; however, few had both severe hypokalemia (i.e.,
,2.8 mmo/L) and severe hypomagnesemia (i.e., ,0.5 mmol/L)
(Figure 2D). Patients with severe hypomagnesemia (,0.5 mmol/l)
had higher HOMA-IR index (median 2.29 [IQR, 1.48–2.74]
versus 1.34 [IQR, 0.86–2.22]; P=0.02) and slightly higher BMI
(median 26.0 [IQR, 21.5–27.0] versus 23.3 [IQR, 20.2–25.5]
P=0.2) than those with higher plasma magnesium concentration, irrespective of the presence of severe hypokalemia (Figure 2,
E and F). In addition, we found signiﬁcant correlation between
HR and insulin resistance index (r=0.31; P=0.006).
No between-group differences were detected in liver or lipid
panels (Table 4). Similar results were obtained when subpopulations of subjects who were nonhypertensive, nondiabetic,
and not treated with potassium-sparing diuretics were considered (data not shown).
JASN 30: 1534–1545, 2019

DISCUSSION
Hemodynamic, Hormonal, and Electrolyte
Investigations

Whether heterozygous carriers of pathogenic SLC12A3 variants have phenotypes intermediate between patients with GS
and noncarriers has not been conclusively demonstrated. To
address this question, we performed detailed phenotyping of
81 heterozygous carriers of pathogenic variants of SLC12A3,
82 noncarrier HS and 79 patients with GS from 68 unrelated
families with similar age, BMI, and sex ratio. The strength of
our results is supported by the larger sample size of our study
as compared with previous studies and the standardized phenotyping methodology used. Moreover, we analyzed
BP measurements taken at home rather than ofﬁce BP measurements to deﬁne precisely the hemodynamic status of all
participants and to detect white-coat or masked HTN as recommended by the European Society of Hypertension guidelines.19 We standardized all measurements of renal handling
Carriers of Gitelman Syndrome–Related Mutations

1539

CLINICAL RESEARCH

www.jasn.org

Table 2. Clinical characteristics and biologic data of participants
Characteristic
Plasma
Creatinine, mmol/L
eGFR, ml/min per 1.73 m2
Sodium, mmol/L
Potassium, mmol/L
CO2t, mmol/L
Calcium, mmol/L
Magnesium, mmol/L
PTH 7–84, pg/ml
PRC, mUI/L
PAC, pmol/L
Urinary excretion
Output, L/24 h
Creatinine, mmol/24 h
Sodium, mmol/24 h
Potassium, mmol/24 h
Calcium, mmol/24 h
Calcium-to-creatinine ratio, mM/mM
Magnesium, mmol/24 h
Aldosterone, nmol/24 h

HS (n=82)

Het (n=81)

GS (n=79)

ANOVA P Value

66 [59; 76]a
92 [81; 110]
140 [139; 139]a
4.0 [3.8; 4.2]b
27 [26; 28]b
2.24 [2.18; 2.29]b
0.82 [0.78; 0.86]b
44 [34; 55]b
15 [9; 21]b
178 [136; 235]b

65 [56; 73]
102 [92; 99]
140 [139; 142]a
3.9 [3.8; 4.1]b
27 [26; 29]b
2.26 [2.22; 2.34]b,c
0.79 [0.75; 0.83]b
39 [31; 46]b
15 [11; 21]b
216 [155; 308]b

59 [50; 72]
99 [86; 110]
139 [138; 141]
2.8 [2.5; 3.1]
30 [28; 32]
2.34 [2.26; 2.39]
0.59 [0.51; 0.67]
31 [24; 39]
109 [52; 156]
311 [238; 530]

0.009
0.1
0.007
,0.001
,0.001
,0.001
,0.001
,0.001
,0.001
,0.001

1.6 [1.1; 1.9]a
11.9 [9.0; 15.0]
147 [99; 172]b
59 [44; 75]b
3.8 [2.6; 5.6]b
0.32 [0.23; 0.52]b
3.4 [2.5; 4.2]b
56 [33; 87]b

1.5 [1.0; 2.2]
11.3 [9.2; 14.2]
140 [96; 192]b
59 [47; 79]b
3.5 [2.2; 5.2]b
0.33 [0.19; 0.45]b
3.3 [2.7; 4.2]b
67 [47; 97]b

1.7 [1.4; 2.3]
11.8 [9.9; 15.3]
183 [105; 246]
108 [92; 154]
1.1 [0.7; 2.0]
0.09 [0.05; 0.18]
4.4 [3.6; 6.1]
95 [72; 172]

0.03
0.56
0.001
,0.001
,0.001
,0.001
,0.001
,0.001

eGFR calculated with cystatin C-based CKD Epidemiology Collaboration. Data are presented as median [IQR]. Difference between groups was evaluated ﬁrst with
ANOVA. If signiﬁcant, Dunn test was performed to compare HS versus GS and Het versus GS (a,b) and Tukey test was performed to compare HS and Het (c). CO2t,
Total CO2; PRC, plasma renin concentration; PAC, plasma aldosterone concentration.
a
P,0.05.
b
P,0.001.
c
P,0.05.

of electrolytes, plasma and urine hormones, and glucose metabolism before and after OGTT.
The Het carriers had HBP similar to HBP of HS even when
those treated by antihypertensive drugs were excluded. The
high frequency of Het carrier status of pathogenic variants of
SLC12A3 had previously led to the hypothesis that protection against HTN might be a beneﬁcial evolutionary effect of
the presence of an heterozygous functional variant. 6 We
failed to conﬁrm such a protective effect against HTN in
our 81 Het carriers with functional variants. Of our cohort,
17% had HTN, a percentage close to that observed in the
French population of around 40 years of age,20 conﬁrming
the multifactorial origin of HTN occurring at middle age.
Our conclusion that there is no difference in BP between Het
and HS groups has limitations. First, the number of the participants was initially set to reach a power of 80% to
demonstrate a difference of 10 mm Hg in SBP between
Het and HS. This was on the basis of the observation of
Ji et al.,7 who found such a difference between 23 carriers
of “biochemically proven mutations” in SLC12A3, SLC12A1,
and KCNJ1 and 2000 noncarrier participants in the Framingham study. The difference in SBP we found was much
smaller and, according to the actual between-group difference and SD in HS and Het, we would have needed about 600
individuals to reach a power of 80% to demonstrate the
small between-group differences we observed at a two-sided
type 1 error rate =0.05 (Supplemental Table 3). Second, our
HS population was selected to have neither history of HTN
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or diabetes, but mimicked as closely as possible the age, sex
ratio, and BMI of the GS and Het groups. Although similar
results were obtained after exclusion of Het participants with
history of HTN and/or diabetes, the selection of the HS population biased the comparison of BP between Het and HS
groups toward the null hypothesis.
We found no obvious difference in homeostasis of sodium
or potassium between Het and HS groups. However, plasma
aldosterone was slightly increased in the Het group, although
plasma concentrations and intakes (reﬂected by excretion) of
sodium and potassium were similar between Het and HS
groups. Het carriers have slightly higher plasma calcium concentration and lower plasma PTH concentration compatible
with an increase in renal reabsorption of calcium. There were
no differences in urinary calcium excretion, calcitriol, or of
bone remodeling markers between Het and HS groups. We
calculated a posteriori the sample size required to achieve an
80% power to reject the null hypothesis, according to which
the difference we observed between the groups is equal to zero,
at a signiﬁcance level of a=0.05 (two-tailed type 1 error).
A sample of 150–200 participants per group would achieve
acceptable power to be able to declare as signiﬁcant the difference in plasma concentrations of PTH and aldosterone and
in urinary excretion of aldosterone we observed, whereas
500–1000 participants would be required to achieve acceptable power to conclude about the signiﬁcance of the differences in SBP, plasma magnesium concentration, and urinary
calcium-to-creatinine ratio. Altogether, these data are
JASN 30: 1534–1545, 2019
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Table 3. Clinical characteristics and biologic data after exclusion of Het carriers with HTN or diabetes history and patients
with GS treated with potassium-sparing diuretics
Characteristic
Plasma
Creatinine, mmol/L
eGFR, ml/min per 1.73 m2
Sodium, mmol/L
Potassium, mmol/L
CO2t, mmol/L
Calcium, mmol/L
Magnesium, mmol/L
PTH 7–84, pg/ml
PRC, mUI/L
PAC, pmol/L
Urinary excretion
Output, L/24 h
Creatinine, mmol/24 h
Sodium, mmol/24 h
Potassium, mmol/24 h
Calcium, mmol/24 h
Calcium-to-creatinine ratio, mM/mM
Magnesium, mmol/24 h
Aldosterone, nmol/24 h

HS (n=82)

Het (n=74)

GS (n=79)

ANOVA P Value

66 [59; 76]a
92 [81; 110]
140 [139; 141]a
4.0 [3.8; 4.2]b
27 [26; 28]b
2.24 [2.18; 2.29]b
0.80 [0.75; 0.83]b
44 [34; 55]b
15 [9; 21]b
178 [136; 235]b

65 [58; 72]
103 [89; 114]
140 [139; 142]a
3.9 [3.7; 4.1]b
27 [26; 29]b
2.26 [2.21; 2.34]b,c
0.80 [0.78; 0.84]b
39 [31; 46]b
16 [11; 23]b
213 [154; 305]b

59 [50; 72]
99 [86; 110]
139 [138; 141]
2.8 [2.5; 3.1]
30 [28; 32]
2.34 [2.26; 2.39]
0.59 [0.51; 0.67]
31 [24; 39]
109 [53; 154]
311 [241; 525]

0.01
0.1
0.01
,0.001
,0.001
,0.001
,0.001
,0.001
,0.001
,0.001

1.6 [1.1; 1.9]a
11.9 [9.0; 15.0]a
147 [99; 172]b
59 [44; 75]b
3.8 [2.6; 5.6]b
0.32 [0.23; 0.52]b
3.4 [2.5; 4.2]b
56 [33; 87]b

1.4 [1.0; 2.1]a
11.2 [8.8; 14.2]
133 [93; 189]c
58 [47; 79]b
3.5 [2.2; 5.2]b
0.32 [0.19; 0.47]b
3.3 [2.7; 4.3]b
67 [48; 95 ]

1.7 [1.4; 2.3]a
11.8 [9.9; 15.3]
183 [105; 246]
108 [92; 154]
1.1 [0.7; 2.0]
0.09 [0.05; 0.18]
4.4 [3.6; 6.1]
95 [72; 172]

0.02
0.46
,0.001
,0.001
,0.001
,0.001
,0.001
,0.001

eGFR calculated with cystatin C-based CKD Epidemiology Collaboration. Data are presented as medians [IQR]. Difference between groups was evaluated ﬁrst with
ANOVA. If signiﬁcant, Dunn test was performed to compare HS versus GS and Het versus GS (a,b) and Tukey test was performed to compare HS and Het (c). CO2t,
Total CO2; PRC, plasma renin concentration; PAC, plasma aldosterone concentration.
a
P,0.05.
b
P,0.001.
c
P,0.05.

consistent with a subtle intermediate phenotype in Het; a
higher powered study will be required to conﬁrm this.
Patients with GS had lower HBP and higher HR than Het
and HS groups reﬂecting the sympathetic adaptive over activity adaptation to both renal salt wasting–induced hypovolemia and peripheral vasodilatation in GS.21 As previously
described,22224 some patients with GS were hypertensive.
Because of the high percentage of patients treated with aldosterone antagonists or potassium-sparing diuretics, the
exact prevalence of HTN in patients with GS is likely underestimated. Similarly, patients with GS with potassium sparing diuretics/aldosterone antagonists may be the patients
with the more severe phenotype and excluding these patients
may also biased the comparison of BP between GS and the
Het and HS groups. When comparing the two populations of
patients with GS with versus without these treatments, patients under diuretics were older, but we found no difference
in sex, age at diagnosis, or plasma magnesium levels. Renal
function in patients with GS was normal, as previously described.25 Finally, the increase in total plasma calcium concentration observed in patients with GS is likely partly due
to extracellular dehydration; unfortunately, we did not
measure plasma ionized calcium and plasma albumin concentrations. Thus, the concomitant decrease in serum PTH
concentration suggests either higher ionized calcium or less
PTH may be required to maintain the same ionized calcium
level in patients with GS.
JASN 30: 1534–1545, 2019

Glucose Metabolism Investigation

Abnormalities in glucose metabolism have been described in
patients with GS.2,26,27 Ren et al.2 observed higher responses to
oral glucose in 16 patients with GS compared with 12 HS and
observed higher plasma glucose and insulin after glucose testing in the GS group with maximal difference 2 hours after
administration. In agreement with this, Liu et al.26 reported
type 2 diabetes mellitus in 13 of 32 patients with GS,2 and Yuan
et al.27 reported higher areas under the curve of the glucose
and lower areas under the curve of the insulin after OGTT in
25 patients with GS compared with 20 HS. We measured
plasma glucose and insulin twice, after fasting and 2 hours
after glucose administration, and calculated the HOMA-IR
and QUICKI indices that have been demonstrated to be, respectively, inversely correlated or directly correlated to sensitivity to insulin.16 We found no difference between Het and HS
in plasma glucose or insulin concentrations and, consequently, no differences in either the HOMA-IR index or the
QUICKI index. Our results are not consistent with those of
two other smaller studies reporting slightly but signiﬁcantly
higher fasting plasma glucose concentrations in Het carriers
compared with healthy controls; however, OGTTs were not
performed in the two previous studies.3,5,28
We conﬁrmed the presence of insulin resistance in our large
cohort of patients with GS, as demonstrated by a decrease in
QUICKI and increase in HOMA-IR index in fasting conditions
and 2 hours after a glucose load. Our results expand on data
Carriers of Gitelman Syndrome–Related Mutations
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Table 4. Glucose metabolism by group
Characteristic

HS (n=82)

Het (n=81)

GS (n=77)

Antidiabetic drugs
Insulin
Metformin/sulfamides
DPP4 inhibitors
Hypolipemiant treatment
Statins/ﬁbrates
Plasma
Glucose T0, mM
Glucose T120, mM
Change in glucose (T120–T0)
Insulin T0, mUI/l
Insulin T120, mUI/l
Change in insulin (T120–T0)
QUICKI T0
IR index T0
Cholesterol, mM
HDL cholesterol, mM
LDL cholesterol, mM
Triglycerides, mM
ALAT, UI/L
ASAT, UI/L
GGT, UI/L
ALP, UI/L

0
0
0/0
0

6
2
5/2
2

4
0
2/0
1

0/0

10/9

8/6

4.8 [4.7; 5.2]
5.3 [4.6; 5.9]a
0.50 [-0.10; 1.20]b
4.4 [3.1; 5.4]a
15.9 [8.6; 26.2]a
11.1 [5.8; 21.7]a
0.38 [0.37; 0.40]a
0.50 [0.38; 0.60]a
5.09 [4.27; 5.63]
1.36 [1.18; 1.58]
3.07 [2.56; 3.67]
1.00 [0.71; 1.43]
17 [14; 24]a
16 [12; 19]a
24 [14; 33]
55 [44; 64]

5.0 [4.6; 5.4]
5.4 [4.7; 6.1]a
0.40 [-0.30; 1.20]b
4.4 [3.2; 7.3]b
22.0 [10.4; 35.9]b
18.0 [7.4; 32.1]
0.38 [0.35; 0.41]b
0.51 [0.39; 0.80]a
4.98 [4.37; 5.67]
1.48 [1.23; 1.70]
3.01 [2.44; 3.72]
1.00 [0.72; 1.33]
18 [13; 23]a
17 [13; 22]a
20 [14; 28]
56 [47; 63]

5.1 [4.8; 5.5]
6.2 [5.5; 7.1]
1.10 [0.30; 1.80]
6.8 [4.3; 10.8]
28.6 [17.8; 47.7]
21.3 [11.7; 41.0]
0.35 [0.33; 0.39]
0.77 [0.48; 1.22]
5.27 [4.63; 6.01]
1.45 [1.13; 1.66]
3.34 [2.80; 3.92]
1.10 [0.83; 1.60]
23 [17; 39]
21 [17; 30]
24 [16; 43]
51 [42; 61]

ANOVA P Value

0.01
,0.001
,0.001
,0.001
,0.001
,0.001
,0.001
,0.001
0.1
0.10
0.23
0.11
,0.001
,0.001
0.27
0.10

Data are presented as median [IQR]. ANOVA was performed to compare Het or HS versus patients with GS. If signiﬁcant, Tukey or Dunn test was performed to
compare HS and Het and HS or Het versus GS (a,b,c). T0, before glucose load; T120, after glucose load; ALAT, alanine aminotransferase; ASAT, aspartate aminotransferase; GGT, gamma-glutamyl transferase; ALP, alkalin phosphaphatase.
a
P,0.001.
b
P,0.05.

from a much smaller study that reported a higher plasma
glucose and insulin response after an oral glucose test in 16
patients with GS compared with 12 healthy controls.2 We also
found that the increase in fasting insulin (a reﬂection of insulin resistance) by an increase in BMI was three-fold more
potentiated in GS as compared with the other groups. Thus,
diet control is key to prevention of diabetes in patients with
GS. Both hypokalemia and hypomagnesemia, the two main
electrolyte abnormalities in GS, are known to impair insulin
secretion. Indeed, a large decrease in extracellular potassium
concentration is able to inhibit insulin secretion in vitro.29 A
low-potassium diet (40 mmol/d) induces a defect in insulin
secretion and a decreased sensitivity to insulin in HS.30 Magnesium depletion can lead as well to defects in insulin secretion and decreased sensitivity to insulin. Moreover, inhibition
of insulin secretion or sensitivity can worsen hypomagnesemia, because insulin is an important regulator of the renal Mg2+
channel TRMP6.31,32 Patients with GS often have both hypokalemia and hypomagnesemia. The subgroup of patients
with GS with severe hypomagnesemia had a higher insulin
resistance index than the Het and HS groups, and a tendency
toward higher BMI irrespective of the presence of severe hypokalemia, suggesting that magnesium depletion is the predominant contributor to insulin resistance in this population.
Finally, we found signiﬁcant correlation between HR and insulin resistance index, suggesting a contribution of increased
1542
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sympathetic activity to the pathophysiology of insulin
resistance.
Signiﬁcance of High Prevalence of SLC12A3
Heterozygotes in the General Population

Because of the wide range of frequency of SLC12A3 variants
previously reported,4 we analyzed data from the latest release
of gnomAD (v2.1) and calculated a worldwide population frequency of 3.6% for expression of SLC12A3 variants (1.14% for
well established pathogenic mutations and 2.46% for lowfrequency, nonclassiﬁed variants). The predicted high prevalence of SLC12A3 heterozygosity led to the hypothesis that it
might offer of a beneﬁcial evolutionary effect to the heterozygous
carrier, perhaps as protection against HTN.6 Although we failed
to conﬁrm a protective effect against HTN in Het carriers with
functional variants evaluated here, as stated by Simon et al., “as
the morbid clinical consequences of hypertension typically occur well after reproductive age, it seems unlikely that these alleles
would increase reproductive ﬁtness.”6 As sodium-chloride cotransporter expression has been reported in placenta,33 loss-offunction variants might directly affect reproductive ﬁtness, a
hypothesis that remains untested.
Study Limitations

Our study has limitations. We cannot exclude that there are
subtle hemodynamic, electrolyte, or hormonal effects of the
JASN 30: 1534–1545, 2019
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Figure 2. Resistance to insulin in the three groups. (A) IR index, (B) QUICKI, and (C) relationship between IR index and BMI in HS (blue),
Het (green), and GS (red) groups. The inset shows semilog linear regression of this relationship and their 95% conﬁdence bands.
(D) Relationship between plasma potassium and plasma magnesium in patients with GS. (E) IR index and (F) BMI plotted according to
severity of hypomagnesemia and hypokalemia in patients with GS. *P,0.05; **P,0.001; ***P,0.001.

Het functional variants that could be manifested in childhood.
Moreover, although our study suggests subtle differences between HS and Het, our sample size was not sufﬁcient to conﬁrm
this intermediate phenotype or conﬁrm effects on health at the
scale of a population.
In conclusion, by evaluating hemodynamic and biologic
parameters, we found evidence for an intermediate phenotype
of Het carriers of pathogenic variants of SLC12A3 between
those of HS and patients with GS. Patients with GS in our
cohort had resistance to insulin potentiated by high BMI. To
decrease risk of diabetes in patients with GS, both low glucose
diet and prevention of weight gain are recommended.
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