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ORIGINAL ARTICLE

Licorice-induced hypertension and common variants of genes
regulating renal sodium reabsorption

HELENA E. MIETTINEN!, KIRSI PIIPPO?, TUULA HANNILA-HANDELBERG!,
KIRSI PAUKKU?, TIMO P. HILTUNEN!, IVAN GAUTSCHI’, LAURENT SCHILD? &
KIMMO KONTULA!

I Department of Medicine, University of Helsinki, Helsinki, Finland, >Research Program for Molecular Medicine,
Biomedicum Helsinki, Helsinki, Finland, and 3Department of Pharmacology and Toxicology, University of Lausanne,
Lausanne, Switzerland

Abstract

Aim. To study if gene alterations affecting renal sodium reabsorption ‘associate with susceptibility to licorice-induced
hypertension.

Methods. Finnish subjects (n=30) with a previously documented incident of licorice-induced hypertension were recruited
for the study using a newspaper announcement. Their previous clinical and family histories as well as serum electrolyte
levels were examined. DNA samples from all individuals were screened for variants of the genes encoding 11B-hydroxys-
teroid dehydrogenase type 2 (11BHSD2) and o-, -, and y-subunits of the epithelial sodium channel (ENaC).

Results. Upon licorice predisposition, the patients had a mean blood pressure of 201/118 mmHg. Circulating potassium,
renin, and aldosterone levels were low. No significant DNA variations were identified in the 11BHSD2 gene. Four subjects
were heterozygous for - and YENaC variants previously shown to be associated with hypertension. Furthermore, a novel
G insertion (2004-2005insG) in the SCNNI1A gene encoding the oENaC was identified in two subjects. The frequency
of these ENaC variants was significantly higher in subjects with licorice-induced hypertension (6/30 i.e. 20%) than in
blood donors (11/301 i.e. 3.7%, P=0.002).

Conclusions. Defects of the 11BHSD2 gene do not constitute a likely cause for licorice-induced hypertension. Variants of
the ENaC subunits may render some individuals sensitive to licorice-induced metabolic alterations and hypertension.
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(AME) (3,4), which both represent salt-sensitive
forms of hypertension.

In the dominantly inherited Liddle’s syndrome,
gain-of-function mutations in the genes coding for
beta- or gamma-subunits of the epithelial sodium

Introduction

Elevated blood pressure is a multifactorial trait that
involves complex interactions between genetic and
environmental factors. The exact molecular mecha-
nisms underlying essential hypertension have remained

obscure in spite of the large variety of attempts to
identify DNA alterations associated with hyperten-
sion in genetic epidemiologic studies (reviewed in
(1)). A few monogenic disorders causing elevated
blood pressure have been established, such as Liddle’s
syndrome (2) and apparent mineralocorticoid excess

channel (B- and YENaC) result in increased renal
sodium reabsorption, with subsequent suppression
of plasma renin and aldosterone levels, extracellular
volume expansion, and hypertension (5,6). Several
earlier findings support the assumption that ENaC
variants may play a role in more common forms of
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Key messages

e DNA variants of the 11BHSD2 gene
do not constitute a common cause for
licorice-induced hypertension.

e Certain genetic defects of epithelial sodium
channel subunits may increase the effects
of licorice consumption and predispose
some individuals to licorice-induced met-
abolic alterations and hypertension.

hypertension (7-10). Furthermore, our previous
study showed that three common variants of the [3-
and YENaC genes (BENaC G589S, intron 12 -17CT,
and YENaC V5461) occur approximately three times
more frequently in Finnish patients with moderate-
to-severe hypertension than in the general Finnish
population (11).

The recessively inherited AME 1is caused by a
genetic deficiency of 11B-hydroxysteroid dehydroge-
nase type 2 (11BHSD2) (12,13). In normal kidney,
11BHSD?2 converts cortisol to its inactive metabolite
cortisone, thus protecting the mineralocorticoid
receptor from binding of cortisol. In AME this pro-
tection is lost, and cortisol-mediated excessive min-
eralocorticoid action results in early-onset severe
hypertension, failure to thrive, hypokalemia, and
suppressed plasma renin and aldosterone levels.
Genotype—phenotype analyses have revealed that,
depending on the effect of the mutation on 11HSD2
levels and/or activity, the phenotype of AME may
vary widely from mild to severe forms (14,15).
Although mutations causing classical AME are rare,
subtle variations of the 11BHSD2 gene may play a
role in the pathogenesis of salt sensitivity or essential
hypertension (16-18), possibly when interacting
with some other genetic factors or living habits.

Excessive licorice ingestion is known to cause an
acquired form of AME. Licorice contains glycyr-
rhizic acid which is hydrolyzed to glycyrrhetinic acid,
an inhibitor of 11HSD2 (19-21), resulting in an
AME-like phenotype, including hypokalemia, hyper-
tension, and low plasma renin and aldosterone levels
(19,22-24). Since licorice consumption is very com-
mon and not all of its consumers develop a hyper-
tensive syndrome, we reasoned that genes influencing
licorice action may at least partly determine suscep-
tibility to its side-effects. Accordingly, we recruited
subjects reporting licorice-induced hypertension to
clinical and metabolic evaluation as well as molecu-
lar studies of their 11HSD2 and ENaC subunit
genes. Our study represents the first molecular
genetic approach to licorice-induced hypertension.

Abbreviations

AME apparent mineralocorticoid excess

BMI body mass index

BP blood pressure

11BHSD2 11B-hydroxysteroid dehydrogenase type 2
ENaC epithelial sodium channel

Materials and methods
Patients and controls

We sought contact with people encountering sig-
nificant blood pressure elevation in response to
ingestion of licorice-containing confectionary using
an advertisement published in the leading Finnish
daily newspaper with a nation-wide market area.
The invitation was directed to individuals who, sub-
sequent to ingesting licorice-containing confection-
ary, had experienced one episode of an elevation of
blood pressure to the extent necessitating treatment
by a physician. A total of 52 subjects from different
regions of Finland initially volunteered to partici-
pate. They were interviewed and given detailed
information of the study. At this point, seven sub-
jects declined to continue. After exclusion of sub-
jects whose clinical data were equivocal, we ended
up with a group comprising 30 subjects (23 females,
7 males) with a mean age of 44+3 years (range
14-66 years). They had a medical documentation
of an incident of substantially elevated blood pres-
sure (=150/100 mmHg), measured by a physician
or a nurse, at the time of licorice ingestion. In addi-
tion, it was required that cessation of licorice con-
sumption resulted in lowering of blood pressure
levels and disappearance of any accompanying
symptoms. Previous hospital and other medical
records were collected, and all study subjects filled
in a questionnaire regarding their health status,
family history, and data on licorice consumption.
All subjects were of Finnish origin and were appar-
ently unrelated. Venous blood samples for DNA
isolation were collected from all the study subjects.
Some of the subjects (z=17) also volunteered to
give blood samples for measurement of serum
sodium, potassium, creatinine, and cortisol levels,
plasma renin activity and aldosterone levels, as well
as urine samples for determination of the daily (24
h) excretion of potassium, sodium, and free cortisol.
All the study subjects, except for one, were non-
smokers. The study protocol was approved by the
Ethics Review Committee of the Helsinki Univer-
sity Central Hospital and was in accordance with
the Helsinki Declaration. All subjects gave their
written informed consent.



For estimation of allele frequencies in the back-
ground population, we obtained blood samples from
randomly selected healthy blood donors visiting the
Finnish Red Cross Blood Transfusion Service. This
group consisted of either 163 (76 women, 87 men,
for the 11BHSD?2 variations) or 312 (157 women,
155 men, for the o ENaC insertion mutation) blood
donors aged 4050 years. The original study protocol
did not permit disclosure of any health information
of these blood donors. The occurrence of the aENaC
insertion mutation was also examined in a group of
treatment-resistant Finnish hypertensive patients
(n=346) characterized previously in detail (11).

DNA analysis

DNA was isolated from venous blood samples using
standard methods. The coding parts of all exons,
exon/intron boundaries and introns 2 and 3 of the
11BHSD?2 gene, and the exons 13 (in which all the
currently identified mutations associating with
Liddle’s syndrome have been localized) of each of
the o-, B-, and YENaC genes were amplified by poly-
merase chain reaction (PCR). In order to unequivo-
cally assess the DNA sequence around the aENaC
insertion allele, the mutant PCR product was sub-
cloned into pDrive cloning vector using Qiagen PCR
cloning kit (Qiagen Inc., Valencia, CA) according to
the manufacturer’s instructions.

To determine the frequency of the G insertion
mutation of the ENaC gene among patients and
controls, denaturing high-performance liquid chroma-
tography (dHPLC) on the WAVE Nucleic Acid Frag-
ment Analysis System HSM 3500A (Transgenomic,
Omaha, NE) was used. First,a PCR product (198 bp)
was amplified using primers 5’-GCC AGTTCCTCC
ACC TGT C-3’ and 5-AGC AAC TTC CTG AG
CCT TAC-3’. The resulting amplicons were dena-
tured and analyzed by dHPLC. All samples showing
divergent chromatogram profiles were sequenced with
ABI 3730 (Applied Biosystems, Foster City, CA).

Polymorphisms in the 11BHSD2 gene were
detected using a PCR-based primer-induced restric-
tion assay (PIRA).

In vitro mutagenesis and functional assays of the
0.ENaC insertion mutation

A wild-type (wt) construct was first prepared from a
construct containing human oENaC cDNA
(NM_001038) in pBSK-SP6-globin vector. A PCR
product of 554 bp in size was generated using a for-
ward primer 5’-CTC CTC GGT GTT GTC TGT
GGT-3’ and a reverse primer 5-CAA GGG GTA
CAG GGC TCG AG-3’ introducing an artificial
Xhol site. This fragment was subcloned into the Blpl
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and Xhol sites of the original construct using stan-
dard methods. The resulting construct thus contained
200 nucleotides of ENaC sequence after the transla-
tion stop codon, and this construct was used in the
n vitro experiments as the wt control. To obtain the
mutant construct with the G insertion (0InsG),
vitro mutagenesis was carried out using QuickChange
site-directed mutagenesis kit (Stratagene, LaJolla,
CA) according to the manufacturer’s instructions.
The resulting construct (aIlnsGG) was sequenced to
verify the insertion mutation and to exclude any
undesired sequence errors.

For functional studies, human ENaC wild-type
and mutant o-subunits were co-expressed with [3-
and y- human ENaC subunits in Xenopus laevis
oocytes. cRNAs of the human ENaC olnsG mutant
and wild-type o-, B-, and y-subunits were synthe-
sized i wvitro and injected into stage V-VI Xenopus
laevis oocytes as previously described (11). After
injection, whole oocyte currents were measured,
using the two-electrode voltage clamp technique.
The ENaC activity was assessed by measuring the
amiloride-sensitive Na*' current, defined as the dif-
ference between the Na™ current recorded at a mem-
brane potential of —100 mV in the absence and
presence of 10 UM amiloride in the bath. For com-
parison, the amiloride-sensitive current (I,) for the
olnsG mutants was expressed as I, relative to the
mean ENaC wild-type current (I, InsG/I, wt).

In silico analysis of putative novel phosphory-
lation sites in the predicted novel 61 amino acid
stretch in the aENaC was done using the programs
ScanProsite (http://tw.expasy.org/tools/scanprosite)
and NetPhos2.0 (http://www.cbs.dtu.dk/services/
NetPhos). Search for cysteines possibly form-
ing disulfide bridges was done using the pro-
gram CYSPRED (http://cubic.bioc.columbia.edu/
predictprotein/).

Statistical analysis

Data were analyzed using statistical SPSS program
(version 11.0). Fisher’s exact test was used for the
frequency analysis of the variants.

Results
Patient characteristics

Thirty unrelated Finnish subjects, with a docu-
mented elevation of blood pressure levels at the time
of licorice ingestion (1-25 years ago) volunteered for
the present study (Table I). The dosage and duration
of their licorice consumption, as evaluated retrospec-
tively from questionnaires, varied greatly, ranging
from 25-50 g licorice candies/day for 1-3 days to
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Table I. Characteristics of the study group at the time of the initial episode of licorice-induced hypertension and during the present study.
All laboratory values at the time of licorice-induced hypertension are based on the availability of previous medical records. Values are

mean*+SEM.

Variable

Initial episode of hypertension

Present study

Females/males (1)
Age (range) years
BMI, kg/m?
Antihypertensive medication
Blood pressure

Systolic, mmHg

Diastolic, mmHg
Serum sodium, mmol/L (reference values 137-149)
Serum potassium, mmol/L (reference values 3.7-5.3)
Plasma renin activity, ug/L/h (reference values 2-5)2
Serum aldosterone, pmol/L (reference values 183-940)

23/7 23/7
37.8+2.8 (13-64) 43.8+2.7 (14-66)
ND 25.3+£0.8 (n=30)
5 13
n=30 n=30
201+4 134+4
118*+2 82+2

142.6+0.7 (n=14)
3.2+0.1 (n=16)
0.10.03 (n=4)
213.7+0.1 (n=4)

140.8+0.6 (n=17)
4.2+0.1 (n=17)
1.2+0.4 (n=14)

392.3+80.5 (n=15)

2 Two subjects with high plasma renin activity, i.e. 40 and 34 pg/L/h, were excluded from the analysis due to possible effect of currently

used angiotensin converting enzyme inhibitors.
ND =not determined.

100-200 g/day for years. As the subjects had con-
sumed variable amounts of mixed types of licorice
products, it was impossible to assess the exact
amounts of glycyrrhizic acid consumed.

Blood pressure (BP) levels at initial admission
varied substantially, with a range of 150 to 240
mmHg (systolic BP) and 100 to 140 mmHg (dia-
stolic BP), and an average value of 201+4/118+2
mmHg. Two-thirds (21/30) of the patients had
sought medical help due to symptoms compatible
with licorice side-effects, including headache, nau-
sea, swelling of feet, anxiety or dizziness, while one-
third (9/30) was found to have elevated blood
pressure and/or hypokalemia at their routine doctor’s
check-up. One patient was admitted to the hospital
due to pulmonary edema and weight gain of several
kilograms. In all study subjects, as called for in the
inclusion criteria, the blood pressure decreased
(Table I), and the accompanying symptoms disap-
peared after cessation of licorice consumption.

The average body mass index (BMI) of the study
group was 25.3+0.8 kg/m?; eight subjects presented
with mild obesity (BMI 25-30 kg/m?), while five were
significantly obese (BMI >30 kg/m?). Antihyperten-
sive medication was in use in 5 subjects already at the
time of initial admission, and 13 subjects used anti-
hypertensive drugs at the time of the present study.

A total of 21 subjects (70%) reported a history
of treatment-requiring hypertension in at least one
first-degree relative. In addition, two subjects
reported having close relatives with licorice-induced
elevations of blood pressure.

Blood electrolyte, renin, and aldosterone levels

When studied, most of the subjects (80%) were
hypokalemic, and in some cases hypokalemia was

severe (lowest potassium level detected: 2.1 mmol/L)
requiring potassium supplementation (Table I).
When measured (z=4), plasma renin activity and
aldosterone levels were low (Table I).

We were able to carry out additional studies in
17 voluntary subjects 1-25 years after the initial
evaluation (Table I). Serum creatinine, sodium,
chloride, and cortisol levels were normal in all but
one subject who presented with increased serum
cortisol level (data not shown). Urinary cortisol
excretion was increased in two subjects. Serum
potassium level was within the normal range in all
but four subjects, who showed border-line low potas-
sium levels (3.4-3.7 mmol/L), one of them also
showing increased daily urinary potassium secretion.
There was a wide variation in individual plasma
renin activity and aldosterone concentrations, but
altogether eight subjects had suppressed plasma
renin activity (=0.3 pg/I/h) and/or aldosterone
(<183 pmol/L) levels. The average renin activity
(1.2+0.4 pg/L/h, n=14) was below the normal
range. Four of the subjects had hypertensive medica-
tion, which may have affected the renin and aldos-
terone levels.

Variants of the 11BHSD2 gene

The ability of licorice to inhibit 11BHSD2 rendered
this enzyme as the most attractive genetic candidate
to contribute to licorice-induced hypertension. How-
ever, no nucleotide changes predicted to result in
amino acid changes were found in this gene in any
of the 30 individuals. Two previously identified
nucleotide changes, i.e. a C to A nucleotide change
in exon 2 (C468A) (NM_000196) and a G to A
change in exon 3 (G534A) (25), were detected in
four of our study subjects who all were heterozygous
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Table II. Characteristics of the subjects with o-, B-, or YENaC gene variants during the present study. Current licorice consumption could

not be excluded for subjects 1 and 6.

Subject 1 2 3 4 5 6
Gender/Age F/20 F/57 F/56 F/65 F/52 F/35
ENaC variation alnsG alnsG BG589S pB-i12 C/T  B-i12 C/T YV5461
Antihypertensive medication Yes No Yes Yes Yes Yes
Family history of hypertension Yes Yes Yes Yes Yes Yes
Body mass index (kg/m?) 20.4 24.9 37.3 31.2 26.5 32.8
Blood pressure (mmHg)

Licorice-induced 200/130 180/108 207/140 210/140 180/115 230/136

During the present study 155/90 125/71 140/90 170/90 120/75 120/85
Sodium, mmol/L (reference values 137-149) 141 138 136 142 144 138
Potassium, mmol/L (reference values 3.7-5.3) 3.7 3.4 3.7 4.1 4.3 4.8
Plasma renin, lg/L/h (reference values 2-5) 0.3 2.8 0.3 1.3 ND 0.2
Serum aldosterone, pmol/L (reference values 183-940 <68 910 307 1000 371 <68

ND =not determined.

for both variations, suggesting the variants were in
linkage disequilibrium.

To examine further the possible significance of
these two silent base changes, their occurrence was
examined in a group of apparently healthy Finnish
blood donors (n=163). Altogether 14 carriers of
each of these substitutions were identified, and again
they were present simultaneously in the same indi-
viduals, thus confirming their complete linkage in
the Finnish population. The frequency of the
double-variant allele was not significantly different
in subjects with licorice-induced hypertension (4/30
or 13.3%) and in blood donors (14/163 or 8.6%,
P=0.63).

Search for variations in the ENaC subunit genes

Sequencing of the exon 13 of each of the o-, -, and
YENaC genes revealed altogether six carriers of
gene alterations. All subjects were women, and all
were heterozygous for the gene variants identified
(Table II).

An insertion of one extra G nucleotide into a
stretch of seven consecutive Gs, located at the end
of the aENaC gene (exon 13 encoding the carboxy-
terminus of alpha ENaC) (a¢ENaC 2004-2005insG,
NM_001038; numbering from the translation start
codon), was identified in two subjects. This novel G
insertion is predicted to cause a frame shift at the
terminal codon CCC, with resultant deletion of the
last amino acid (proline) of the o ENaC subunit pro-
tein. The DNA structure of the mutant allele predicts
insertion of 61 novel amino acids to the carboxy-
terminus of the «ENaC protein (Figure 1).

In addition, four subjects were carriers of some
of the previously identified gene variants of the B-
and YENaC genes: one subject had the PENaC
G589S variant (11,26,27), two subjects had the

BENaC intron 12 -17C/T variant (11), and one sub-
ject had the YENaC V5461 variant (11).

Clinical and family data of subjects with the ENaC
variants

All six subjects with the ENaC variants had a family
history of hypertension. Patients with the - or YENaC
variants presented with mild-to-moderate obesity,
which may have contributed to their elevated blood
pressure levels (Subjects 3—6, Table II). Their renin
levels were below the normal range, and serum aldos-
terone levels varied greatly. Five had antihypertensive
medication currently, which may affect the renin and
aldosterone levels. Subjects 3 and 5 reported to be
able to consume only small amounts of licorice with-
out symptoms, and they reported to have family
members showing similar sensitivity to licorice.

Of the two carriers of the oENaC G insertion
mutation, one (Subject 1, Table IT) was a 21-year-old
woman, who at the age of 18 was found to be
hypokalemic (2.9 mmol/Ll) and to have elevated
blood pressure (200/130 mmHg). For years, she had
been consuming licorice-containing candies in
amounts of approximately 100 to 150 g twice a week.
Treatment with amiloride/thiazide combination
resulted in normalization of blood pressure levels.
Her plasma renin and aldosterone levels were low
but concurrent licorice use could not be excluded.
The proband’s identical twin sister (Figure 2, Family I)
also consumed licorice-containing candies, and her
blood pressure levels were somewhat elevated (119—
140/90-100 mmHg). The mother of the proband
had had elevated blood pressure from the age of
30 years. The twin sister and the mother were found
to be heterozygous for the G insertion mutation,
and their renin and aldosterone levels were low.
The other family members were non-carriers and
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640
1
oENaC wt
640
1

oENaC insG

669
I

..JPPPAYATLGPRPSPGGSAGASSSTCPLGGP (STOP)

*
..JPPPAYATLGPRPSPGGSAGASSSTCPLGGALRGKERFLTPROMLL

WWEGAGPGKIEGCAGLPLRAAQTAVDVWRGSKMGKGSGSSCSKNSS (STOP)
] A

I
829

Figure 1. Partial amino acid sequence of the wild-type o ENaC (0ENaC wt) and predicted amino acid sequence corresponding to the
oENaC G insertion mutation. The mutation affects the carboxy-terminal codon (corresponding to proline residue 669) predicted to result
in insertion of 61 amino acids (underlined). Only sequences corresponding to the carboxy-terminal parts (starting from the PPPXY motif,
indicated by a box) are shown. In silico prediction revealed a putative protein kinase C phosphorylation site (asterisk), a putative casein
kinase II phosphorylation site (square), and a cysteine predicted to form a disulfide bond (triangle).

normotensive, and their electrolytes as well as plasma
renin and aldosterone levels were normal, with the
exception of the father who had low plasma renin,
aldosterone, and potassium levels (Figure 2). Thus,
in this family the «ENaC mutation appeared to co-
segregate with the hypertensive phenotype with low
renin/aldosterone levels.

The other proband with the oENaC insertion
mutation was a 57-year-old woman (Subject 2,
Table II). She had consumed 50-75 g of licorice/day
for a week; thereafter she experienced swelling of her
feet and a weight gain of 5 kg. At that time, her blood
pressure was 180/108 mmHg, but normalized after
cessation of licorice consumption. She had mild
hypokalemia, but her plasma renin and aldosterone
levels were normal (Table IT). Family studies revealed
three carriers of the aENaC mutation (Figure 2,
Family II), but none of them reported to have

hypertension. The daughter of the proband had
inherited the mutation and had relatively low plasma
renin, aldosterone, and potassium levels. Two of the
proband’s brothers were likewise carriers of the
mutation, and one of them was suffering from apha-
sia resulting from a stroke. Taken together, in this
family no convincing co-segregation of the aENaC
G insertion mutation with the low-renin hyperten-
sive phenotype could be demonstrated.

Frequency of the o ENaC insertion mutation in controls
and hypertension patients

To further explore the pathophysiologic significance
of the o ENaC insertion mutation, we determined its
frequency in a group of apparently healthy Finnish
blood donors (#=312) as well as in a selected group
of Finnish hypertension patients (#=346) (11). Two

Family | Family Il
52years | 55years ‘__j :5
ht- ht +
Ren 2.0 Ren 0.7
Aldo417 | Aldo 271 ht+
K43 K4.5
26 years 25years  20years 20 years 65 years 64 years 62 years 60 years 58 years 57 years 55 years
ht - ht- ht + t(+) ht + ht+ Aphasia,ht? ht+ ht - ht- ht-
Ren 2.0 Ren5.2 Ren 0.3 Ren <0.1 Ren ND Ren0.7 Ren33 Ren 10 Ren 0.4 Ren 2.8 Ren 0.7
Aldo417  Aldo459 Aldo<68  Aldo <68 Aldo 156  Aldo 382 Aldo 410 Aldo 243  Aldo 448 Aldo910  Aldo 263
K43 K4.0 K2.9 K4.5 K4.2 K4.7 K5.5 K5.2 K4.4 K3.4 K5.1
. . Affected female/male :E
O [ Non-affected female/male 30years 26 years
) ht - ht -
@ [2] Not studied Ren17  Ren22
Aldo 116  Aldo 428
glz Deceased K3.9 K47

Figure 2. The pedigrees of the two families with the o ENaC G insertion mutation. The probands are shown by arrow (the probands of
Families I and II are the Subjects 1 and 2 of Table II, respectively). The ages are given as recorded at the time of the present study
(ht+ =treatment-requiring hypertension; ht—=no hypertension; ht(+)=elevated blood pressure without antihypertensive treatment;
?=Dblood pressure status unknown; ND =not determined; Ren=plasma renin, pg/L/h; Aldo=serum aldosterone, pmol/L; K=potassium,

mmol/L).



of the blood donors were found to be heterozygous
carriers of the G insertion, whereas no such carriers
were found in the group of hypertensive patients.
Thus, although the frequency of the «ENaC muta-
tion in our highly selected group of subjects with
licorice-induced hypertension (2/30 or 6.7%) was
higher than that observed in the blood donor group
(2/312 or 0.6%, P=0.04), this mutation does not
appear to be a common cause of essential hyperten-
sion in Finland.

Functional properties of 0ENaC G insertion mutation

The functional consequences of the G insertion
mutation of the tENaC gene were examined i vitro
in Xenopus oocytes. The frame shift mutation alnsG,
predicted to result in the insertion of 61 amino acid
residues in the C-terminus of oENaC, did not
increase ENaC-mediated Na current. The amiloride-
sensitive current (I,) relative to control was
0.995+0.186 (n=33) versus 0.642+0.097 (n=41),
wild-type versus alnsG mutant ENaC, respectively
(mean*SE, P=0.07). Thus, when expressed in
Xenopus oocytes, the olnsG mutant ENaC channel
does not show detectable functional alterations.

Discussion

The present study is focusing on the hypothesis that
a genetic susceptibility would underlie some cases
with licorice-induced hypertension. We proposed
that licorice ingestion, by inhibiting the 11BHSD2
enzyme, might potentiate the effect of subtle gene
alterations which otherwise do not necessarily cause
a clear-cut phenotype with elevated blood pressure.
This type of mutation could be present, not only in
the 11BHSD?2 gene, but also in genes encoding sub-
units of ENaC, which would result in increased
sodium reabsorption by the effect of altered cortisol
metabolism induced by licorice. As licorice ingestion
is fairly common in Finland, with the estimated con-
sumption of licorice amounting to 1.3 kg/person/
year (28), we proposed that natural licorice ingestion
could be used to identify subjects susceptible to
blood pressure elevation. We were indeed able to
recruit a group of 30 voluntary Finnish subjects with
a previously documented incident of licorice-induced
hypertension.

Licorice consumption, metabolic disturbances,
and hypertension

Many of our study subjects presented with a typical
licorice syndrome with hypokalemia, suppressed
plasma renin activity, and serum aldosterone levels,
accompanied with a variety of other symptoms
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including headache, edema, and nausea (22,29). In
some cases the symptoms were severe, including pul-
monary edema, but most of the clinical findings
normalized after licorice cessation. Two subjects
characterized themselves as ‘licorice-sensitive’. They
had ingested only 25-50 g of licorice/day, an amount
previously estimated to produce adverse effects for
sensitive subjects (30), when elevated blood pressure
or other symptoms occurred. The levels of both sys-
tolic and diastolic blood pressures during licorice
ingestion were greatly, and in some cases severely,
elevated (Table I) and were substantially higher than
usually described in the literature for licorice inges-
tion (19,22-24,31). In patients with essential hyper-
tension the blood pressure rise induced by licorice
may be greater than in healthy volunteers (32). After
cessation of licorice consumption the reported blood
pressure levels diminished in all study subjects, sug-
gesting that licorice ingestion contributed to the
observed high blood pressure levels (Table I).

The low average plasma renin activity in our
study subjects may, at least in part, be due to current
surreptitious licorice consumption. It is of interest
that altogether eight subjects had currently low
plasma renin activity and/or aldosterone levels, which
in some cases were accompanied by hypokalemia,
and two subjects also presented with elevated daily
urinary cortisol levels suggesting a potential subtle
Liddle- or AME-like phenotype. Taken together,
although variations in metabolism of glycyrrhizin/
glycyrrhetic acid may account in part for the reported
individual licorice sensitivity (33), the observed met-
abolic changes and the positive family history of
hypertension in 70% of our study subjects were sug-
gestive of influence of additional genetic factors
affecting sodium or cortisol metabolism.

ENaC gene variants and licorice-associated
hypertension

In the present study we chose 11BHSD?2 and o-, 8-,
and YENaC genes as the most attractive candidate
genes in our search for genetic alterations predispos-
ing to licorice-induced hypertension. Indeed, we
were able to identify altogether six carriers of differ-
ent ENaC gene variants. Two of the subjects were
found to be carriers of a novel G insertion mutation
in the 0 ENaC gene, and four subjects were heterozy-
gous for previously identified gene variations in the
B- and YENaC genes (Table II) (11,26,27). The
prevalence of the gene variants, i.e. 20%, observed
among subjects with licorice-induced hypertension
is higher compared to the frequency among control
subjects, i.e. 3.7% ((11) and the present study), sup-
porting the idea that gene alterations in ENaC genes
may predispose to licorice-induced hypertension.
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Furthermore, five out of six variant carriers were
currently requiring hypertensive treatment, and three
of them responded favorably to a specific ENaC
inhibitor, amiloride, suggesting that the underlying
ENaC variations might play some role in their hyper-
tension. This assumption is also supported by our
previous study showing that the variant carriers pre-
sented with a tendency to increased urinary potas-
sium loss in relation to plasma renin activity,
suggesting that in the long run the variants may
indeed affect the renin-aldosterone axis and contrib-
ute to hypertension (11) .

Alpha ENaC insertion mutation and hypertension

No mutations associated with increased blood pres-
sure have been identified in the coding region of the
oENaC gene. Previously, a promoter polymorphism
in the aENaC gene was suggested to associate with
blood pressure in Japanese subjects (34), and poly-
morphisms, such as oENaC A663T, have been
shown to affect ENaC activity i vizro both in Xeno-
pus oocytes and in mammalian cells (35,36). In the
current study, we were able to identify a novel inser-
tion of one G to a stretch of seven consecutive Gs
located at the end of the o ENaC. This insertion is
predicted to result in a frame shift and incorporation
of 61 novel amino acids to the carboxy-terminus of
the o«ENaC protein.

With one exception (37), all hitherto identified
mutations shown to associate with Liddle’s syndrome
have been localized in exon 13 in the part coding for
cytoplasmic C-terminus of either the - or y-subunit
of ENaC. These alterations mutate or delete the
proline-rich domain PPPXY (PY motif), a binding
site for the ubiquitin ligase Nedd-4, which promotes
endocytosis and lysosomal degradation of ENaC.
The oInsG mutation leads to addition of 61 amino
acid residues downstream of the PPPXY. At least in
Xenopus oocytes, these additional residues do not
seem to affect the integrity of the PY motif, as was
shown by the absence of detectable functional alter-
ations of the alnsG mutant in the Xenopus oocyte
expression system. It remains possible that the ollnsG
mutation may lead to subtle changes in ENaC activ-
ity in aldosterone-sensitive epithelial cells that are
undetectable in frog oocytes. Prediction i silico
revealed a cysteine with a potential to form disulfide
bonds in the C-terminus of the mutant o ENaC pro-
tein (Figure 1). In addition, the 61 amino acid region
is predicted to harbor at least two novel phosphory-
lation sites, one for protein kinase C (PKC) and the
other for casein kinase II (CKII) (Figure 1). Phos-
phorylation may be an important mechanism for
ENaC regulation, and PKC and CKII sites are also
present in the C-terminus of B- and YENaC genes

(38,39).Thus, it is possible that, although not shown
in virro in the oocyte system, subtle long-term effects
in ENaC regulation may occur in the native kidney
epithelium in the alnsG mutation carriers.

The phenotypes of the mutation carriers varied
considerably. This may not be an unexpected find-
ing, as even in cases with molecularly well defined
Liddle’s syndrome the penetrance of the disease phe-
notype has been shown to vary greatly (2,40), con-
sistent with gene—environment interactions. It is
tempting to speculate that other modifier genes or
extrinsic factors, such as licorice consumption, salt
intake, or obesity, might act in concert to modify
the resulting phenotype of ocENaC gene insertion
mutation.

The finding that the o ENaC gene mutation was
present in higher frequency in our study subjects
than in population controls (6.7% versus 0.6%,
respectively, P < 0.05) suggested that it may play a
role in licorice-induced hypertension. Furthermore,
as hypertension does not prevent blood donation,
some of the blood donors used as controls in our
study may in fact have elevated blood pressure levels.
Due to ethical limitations, however, the clinical data
of the blood donors were not available.

11BHSD2 gene and licorice

Based on the observed increased urinary free cortisol
and low plasma renin activity/aldosterone levels, two
subjects were suspected to have disturbances in cor-
tisol metabolism. However, no amino acid altering
variations in the 11HSD2 gene were found in any
of the study subjects.

The relevance, if any, of the two base variations
in exon 2 and 3 remains unclear. The G534A nucle-
otide variation has been previously shown to associ-
ate with end-stage renal disease but not with
essential hypertension (25). Studies regarding asso-
ciation of the marker with salt-sensitive blood pres-
sure have also been controversial (17,41). The
similar frequency of the 11BHSD2 variants observed
in our study group and in the control group suggests
that these alterations do not seem to play a signifi-
cant role in licorice-induced hypertension. It remains
yet possible that pathophysiologically significant
alterations do exist in the 11BHSD2 gene in our
study subjects, but they lie in the regions not
sequenced in the present study, including the pro-
moter region, as previously shown in one kindred
with AME (12).

Even other genes regulating renal sodium reab-
sorption may contribute to salt-sensitive forms of
hypertension (42) and thereby to licorice sensitivity.
A specific form of salt-sensitive hypertension was
recently described in circadian clock-defective Cry



null mice (43). The underlying defect was attributed
to constitutively high activity of 3B-hydroxysteroid
dehydrogenase type VI (Hsd3b6) in aldosterone-
producing cells. The gene encoding the human
counterpart of this enzyme, 3B-hydroxysteroid dehy-
drogenase type I (Hsd3bl), thus constitutes another
interesting candidate influencing salt and licorice
sensitivity.

Study Limitations

The major limitation of the current study is the fairly
small size (n=30) of the study group. However, these
subjects were very carefully selected fulfilling strict
recruitment criteria, including not only medically
documented licorice-induced hypertension, but also
showing lowering of blood pressure after cessation
of licorice intake. It seems that, at least in Finland,
subjects fulfilling these criteria are fairly rare.

Conclusion

In conclusion, our study for the first time explores
the possibility that the well documented licorice-
related elevation of blood pressure could have a
genetic background. Our results demonstrate that
mutations of the 11BHSD2 gene do not appear to
constitute a common cause for licorice-induced
hypertension. Subtle variants of the o-, B-, and
v-subunits of the ENaC may contribute to licorice-
induced side-effects in certain individuals, but fur-
ther prospective studies are needed to fully clarify
this issue.
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