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Abstract—The serum- and glucose-regulated kinase (SGK1) gene has recently been identified as an important
aldosterone-induced protein kinase that mediates trafficking of the renal epithelial Na� channel (ENaC) to the cell
membrane. Thus, SGK1 is an appealing candidate for blood pressure regulation and possibly essential hypertension. To
test this hypothesis, we recruited monozygotic (126 pairs) and dizygotic (70 pairs) normotensive twin subjects and
parents of dizygotic twins. Blood pressure was measured in a controlled fashion: recumbent, sitting, and upright. We
documented genetic variance on blood pressure in all positions. We then relied on microsatellite markers at the SGK1
gene locus (D6S472, D6S1038, and D6S270) and 2 single nucleotide polymorphisms within the SGK1 gene. We found
significant linkage of the SGK1 gene locus to diastolic blood pressure (P�0.0002) and suggestive evidence for linkage
for systolic blood pressure (P�0.04), documenting the locus as a quantitative trait locus for blood pressure. We next
performed association, using all dizygotic twins and a monozygotic member from each pair. We found significant
associations between both single nucleotide polymorphism variants and blood pressure, as well as a significant
interaction between the single nucleotide polymorphisms enhancing the effect. This combined effect of the
polymorphisms was confirmed in an independent sample of 260 young normotensive men. We conclude that the SGK1
gene is relevant to blood pressure regulation and probably to hypertension in man. (Hypertension. 2002;40:256-260.)
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The serum- and glucocorticoid-regulated kinase (SGK)
was originally cloned from rat mammary tumor cells as

a glucocorticoid responsive gene.1 The human isoform was
subsequently cloned as a cell volume–sensitive gene upregu-
lated by both hypertonic and isotonic cell shrinkage.2,3

Because of the discovery of the 2 isoforms SGK2 and SGK3,4

the originally cloned kinase is labeled SGK1. SGK1 is
expressed in renal tubular epithelial cells,5,6 and its transcrip-
tion is strongly stimulated by mineralocortcoids,7 suggesting
a role in renal Na� regulation. Indeed, coexpression of SGK1
with the renal epithelial Na� channel (ENaC) in Xenopus
oocytes markedly upregulates Na� channel activity by en-
hancing channel protein abundance in the cell membrane.5–9

Furthermore, SGK1 upregulates BSC1, the thick ascending
limb Na�,K�,2Cl� cotransporter similarly important in renal
Na� reabsorption.10

ENaC �- and �-subunit mutations are responsible for
Liddle’s syndrome, an autosomal-dominant form of mono-
genic hypertension.11 ENaC subunit variants have generated
interest in terms of possibly influencing blood pressure in
essential hypertension as well.12,13 We have studied monozy-
gotic (MZ) and dizygotic (DZ) twins and the parents of DZ
twins to gain inference into genetic variance on blood

pressure and to map blood pressure quantitative trait loci. In
an earlier study, we showed linkage of several gene loci to
blood pressure, including ENaC subunit gene loci.14 The fact
that aldosterone regulates cell membrane abundance of ENaC
in the renal collecting system, at least in part via SGK1,
makes this kinase an attractive candidate gene for blood
pressure regulation and possibly hypertension. We addressed
this issue by means of a twin study and an independent
verification cohort.

Methods
We recruited 126 pairs of MZ and 70 pairs of DZ twins to participate
in studies involving blood pressure regulation and cardiovascular
phenotypes.14 We also recruited the parents of the DZ twins. The
subjects were all white Germans recruited from various parts of
Germany. The University’s committee on the protection of human
subjects approved the protocol, and written informed consent was
obtained from all participants. Blood was obtained for the determi-
nation of zygosity and other molecular genetic studies from all the
twins and the parents of the DZ twins. Each participant underwent a
medical history and physical examination. None had a family history
of chronic medical illness. Blood pressure was measured after 5
minutes (2 measurements, 1 minute apart) with a standardized
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mercury sphygmomanometer in the recumbent, sitting, and standing
positions by a trained physician. Blood pressure was defined as the
mean of the 2 measurements. Echocardiography was performed as
described earlier.14

We included a confirmation sample consisting of 260 normal
healthy male volunteers (mean age, 25�2 years; resting BP, 111�8/
58�6 mm Hg) who participated in a protocol to delineate salt
sensitivity and resistance of blood pressure.15 The subjects received
a 20-mmol/d or 220-mmol/d sodium diet for 7 days in random order.
Blood pressure was measured on the seventh day under standardized
resting conditions with an oscillometric device as outlined earlier.15

Linkage
Heritability was calculated based on maximum likelihood estimation
by structural equation modeling by use of the MX program. For the
linkage study, the DZ pairs and their parents were genotyped to
permit an identity-by-descent analysis. The DZ twins were used as
ordinary sib-pairs, but with the advantage of perfect age matching
and reduced environmental variation affecting the phenotype. The
zygosity was verified with the use of 5 polymerase chain reaction
(PCR)–amplified microsatellite markers.14 We examined 3 microsat-
ellite markers at the SGK1 gene locus: D6S472, D6S1038, and
D6S270. We assessed linkage for blood pressure as a continuous
trait. Sib-pair analysis to determine linkage does not require the
specification of a genetic model. The underlying trait can follow
either mendelian or nonmendelian modes of inheritance. Analysis
was performed by use of a structural equation modeling (SEM)
approach. This approach is based on variance-covariance matrices of
sibs weighted by the probability of sharing 0, 1, or 2 alleles identical
by descent. Phenotypic variance (VAR) is decomposed into variance
due to genetic background (A2), variance due to the quantitative trait
loci effect (Q2), and environmental variance (E2):

VAR�A2�Q2�E2

For the 3 possible identical-by-descent states (sharing 0, 1, or 2
alleles), covariance of a sib pair is then defined by the following:

COVIBD0�0.5A2; COVIBD1�0.5A2�0.5Q2;

and

COVIBD2�0.5A2�Q2

For each sib pair and each locus, the proportion of alleles identical
by descent, based on parental genotypes and independent allele
frequency estimates, is calculated using a multipoint approach as
implemented in MAPMAKER/SIBS. From these identical-by-
descent estimates, the significance of the quantitative trait loci effect
was tested by the difference in model fit for models with and without
a quantitative trait loci effect, calculated as a �2 statistic. For this
analysis, we used the MX package. The probability values for these
tests are given in the Results section. The higher power of the
variance-covariance–based analysis, compared with the squared trait
differences–based approach by the Haseman-Elston method has
been documented in simulation studies.16,17 Because we used a
candidate gene approach, we accepted P�0.05 to test for significant
linkage in accordance with the criteria defined by Lander and
Kruglyak.18 The definition of a candidate gene may rely on prior
evidence from genome scans (positional candidate) and on physio-
logical evidence from functional studies based on the gene product.

Association
The genomic organization of SGK1 has been described earlier.19

Information can be obtained at gene No. 00000118515 (www.en-
sembl.org). We first searched public databases to identify single
nucleotide polymorphisms (SNPs) in SGK1; however, most SNPs
either were erroneous or were not sufficiently polymorphic for our
purposes. An SNP in exon 8 (C3T) that we identified from the
National Center for Biotechnological Information SNP database
proved satisfactory (rs 1057293). We eventually relied on direct
sequencing and found a second SNP 551 bp away, located in the

donor site (intron 6) of exon 7 (T3C). These 2 SNPs, intron 6
(T3C) and exon 8 (C3T), were analyzed.

For the mini-sequencing reaction, the 2 different loci were
amplified with the following forward and reverse primers: for SGK
exon 8 C3T, 5�-ATA GAT GAG CAG AAC AAG GGC and
5�-CTG GAC TTT TTG AGG GTG ACT; for exon 8 T3C, 5�-GCC
TGC TTT GTT TTA GTT TGA and 5�-GCT AGG GGA TCT GGT
TTT AGG. The total PCR reaction volume was 15 �L. The PCR
reaction mix contained the following: 10 mmol/L Tris-HCl (pH 8.3),
50 mmol/L KCl, 2.5 mmol/L MgCl2, 250 mmol/L of each dNTP
(dATP, dCTP, dGTP, and dTTP from Pharmacia), 333 nmol/L of
forward and reverse primer, 50 ng of genomic DNA, and 0.6 U of
Ampli Taq gold DNA polymerase (Applied Biosystems). After PCR
amplification, we used 1 U alkaline phosphatase/1 U exonuclease I
(Amersham) to degenerate the PCR primers and dephosphorylate the
samples, dNTPs. The PCR was conducted at 95°C for 10 minutes
and for 35 cycles at 95°C for 15 seconds, followed by 62°C for 15
seconds and 72°C for 30 seconds, and an extension step at 72°C for
10 minutes. The PCR amplifications were performed in a 9600
thermocycler (Applied Biosystems). The sequences for the mini-
sequencing primer were as follows: for the SNP in intron 6 C3T,
5�-CTC CTT GCA GAG TCC GAA; for the intron 6 SNP T3C,
5�-ACC AAG TCA TTC TGG GTT GC. The reaction conditions
were in a 10 �L reaction volume, 2.5 �L ready-reaction premix
buffer, containing (F)-ddNTP, Taq-polymerase, ABI prism SnaPshot
ddNTP (Primer Extension Kit II, Applied Biosystems), 10 nmol/L
mini-sequencing primer, and 0.15 pmol purified PCR product as
template. The mini-sequencing conditions for both loci were as
follows: 25 cycles consisting of a heat-denaturation step of 10
seconds at 96°C, an annealing step of 10 seconds at 50°C, and an
extension step of 30 seconds at 60°C. The mini-sequencing reactions
were performed in a 9600 thermocycler (Applied Biosystems). To
remove the 5� phosphoryl groups from the unincorporated fluores-
cence marker ddNTP, we added 2 U shrimp alkaline phosphatase
(Boehringer) to the mini-sequencing reaction and incubated it at
37°C for 1 hour. The separation was performed on the ABI Prism
3100 with POP4 polymer 36-cm capillary and with GS STR POP4
E5 module. The signals were analyzed using Collection software
version 1.0 and the GeneScan Analysis software version 3.6.3.

Descriptive statistics for both SNPs showed a recessive mode of
action. Thus, association analysis was based on 2 group comparisons of
homozygous carriers of the variant versus heterozygous/noncarriers.
Independence of the 2 SNPs was tested by �2 test. The relation between
SNPs and phenotypes was tested by a univariate ANOVA incorporating
both polymorphisms at the same time. This analysis included both
members of DZ pairs and 1 randomly selected member of the MZ pairs.
We relied on this test rather than the t test to simultaneously analyze
both polymorphisms, including their interaction, as well as to reduce the
number of tests performed. As both members of a DZ pair are not
independent, family effects were included in the ANOVA, as well as
age and sex as covariates. A significance level of 0.05 was set. In the
confirmation group, we tested the association effect by univariate
ANOVA with both SNPs at the same time.

Results
Table 1 shows the demographic twin data, the genetic influence
on blood pressure, and the linkage results. The twins were
young, nonobese, normotensive men and women. A strong
genetic effect was found on blood pressure in all positions.
Heritability estimates from twin studies are usually higher than
those obtained from parent-offspring correlation. This state-of-
affairs is because twins share nonadditive genetic effects (dom-
inance and epistasis) in addition to the additive genetic effects
shared by all first-degree relatives. Further increase in heritabil-
ity estimates may come from gene-environment interaction. A
theoretical bias in twin-based estimates may arise from a greater
extent of shared prenatal influences in MZ twins. The linkage
analysis showed significant or suggestive linkage of the SGK1
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gene locus to systolic and diastolic blood pressure in all
positions. These data provide evidence implicating the SGK1
gene locus in blood pressure regulation.

Table 2 shows the results for systolic and diastolic blood
pressure in the recumbent, sitting, and standing positions and the
SNP genotypes. The allele frequencies for the exon 8 SNP C
were 91%; for T, 9%. Those for the intron 6 SNP T were 79%;
for C, 21%. Hardy-Weinberg equilibrium was maintained for
both polymorphisms. The blood pressure values in all positions
were very similar. Homozygous and heterozygous carriers of the
exon 8 alleles (CC or CT) did not differ from each other while
showing higher systolic and diastolic blood pressure values than
those of the homozygous exon 8 TT subjects. The results for the
intron 6 SNP were less consistent; however, homozygous CC
persons in general had higher blood pressure values than did
homozygous TT or heterozygous TC persons.

Table 2 gives the association statistics for the twin subjects.
For the systolic and diastolic blood pressure of the phenotypes,

the exon 8 SNP was invariably significant except for diastolic
blood pressure in the recumbent position. The results for intron
6 SNP were similar for systolic blood pressure. The SNPs were
in strong linkage dysequilibrium, as shown in Table 3. Everyone
homozygous for exon 8 TT was also homozygous for intron 6
CC; however, the converse was not invariably the case. The
highest blood pressure values were observed for subjects carry-
ing increasing alleles for both SNPs. Homozygous exon 8 TT
subjects showed the lowest blood pressure, despite being ho-
mozygous for the blood pressure–increasing intron 6 C allele
(Figure). These results indicate the presence of an interaction
between the polymorphisms themselves or other genetic variants
in different linkage dysequilibrium.

We tested this association in an independent 260-subject
confirmation sample as shown in Table 4 and found a significant
effect of both polymorphisms on resting systolic blood pressure
(Figure). Again, the blood pressure–increasing effect of intron 6
CC was compensated by the lowering effect of exon 8 TT in

TABLE 1. Demographic Data, Phenotypic Values, Correlations, Heredity
Estimates, and Results of the Linkage Analysis With the SGK Gene Locus

Phenotype
MZ Twins
(n�252)

DZ Twins
(n�140) a2 (rMZ/rDZ) P/�2

Age, y 29�12 31�12

Gender, m/f 84/168 47/93

Height, cm 169�8 170�8

Weight, kg 65�11 67�12

BMI, kg/m 22.4�3.5 22.8�3.4

Systolic BP recumbent, mm Hg 128�17 124�14 0.69 (0.69/0.31) 0.04/4.4

Diastolic BP recumbent, mm Hg 71�12 71�11 0.66 (0.66/0.42) 0.0002/14.4

Systolic BP sitting, mm Hg 125�16 123�13 0.74 (0.74/0.38) 0.019/5.5

Diastolic BP sitting, mm Hg 73�11 73�10 0.72 (0.72/0.51) 0.027/4.9

Systolic BP standing, mm Hg 124�15 122�14 0.67 (0.66/0.48) 0.17/1.9

Diastolic BP standing, mm Hg 80�10 79�10 0.64 (0.63/0.40) 0.02/4.8

Values are mean�SD.
a2 indicates heredity estimates; r, correlations; BMI, body mass index; and BP, blood pressure.

TABLE 2. Mean Blood Pressure, Left Ventricular End-Diastolic and End-Systolic Diameter and Posterior Wall and Septum Thickness
for SNPs in exon 8 (C3T) and intron 6 (T3C)

Phenotype

Intron 6 Exon 8

TT
(n�174)

CT
(n�72)

CC
(n�18)

TT/CT
(n�246)

P
(CC vs TT/CT)

CC
(n�223)

CT
(n�36)

TT
(n�5)

CC/CT
(n�259)

P
(TT vs CC/CT)

BP level, mm Hg �0.04�1 0.10�1 �0.39�1 �0.02�1 0.07 �0.01�1 �0.10�1 0.29�1 �0.04�1 0.05

SystBP recumbent, mm Hg 125�15 125�18 132�14 125�16 0.05 125�16 128�18 119�6 126�16 0.01

DiastBP recumbent, mm Hg 70�10 72�13 74�12 71�11 NS 71�10 72�13 67�10 71�11 NS

SystBP sitting, mm Hg 124�14 123�15 129�13 124�14 0.05 124�14 125�17 117�6 124�14 0.05

DiastBP sitting, mm Hg 72�10 74�10 79�9 73�10 NS 73�10 74�11 72�9 73�10 0.05

SystBP standing, mm Hg 123�15 123�14 129�13 123�15 0.05 123�14 126�16 119�8 123�15 0.01

DiastBP standing, mm Hg 79�10 81�10 84�8 80�10 NS 80�10 82�11 78�8 80�10 0.05

LVEDD, mm 48�4 48�4 51�4 48�4 0.01 48�4 49�3 52�6 48�4 NS

LVESD, mm 29�4 28�4 29�3 29�4 NS 29�4 29�3 31�2 29�4 NS

Posterior wall, mm 8.8�1.7 8.3�1.7 9.2�1.4 8.6�1.7 NS 8.7�1.6 8.3�1.9 10.0�2.0 8.6�1.7 NS

Septum, mm 9.0�1.7 8.5�1.8 9.5�1.3 8.8�1.8 NS 8.9�1.7 8.4�1.9 10.0�2.6 8.9�1.7 NS

Values are mean�SD; P values are given for the simultaneous ANOVA of both polymorphisms.
LVEDD indicates left ventricular end-diastolic diameter; and LVESD, left ventricular end-systolic diameter.
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subjects homozygous for both polymorphisms. For diastolic
blood pressure, no association could be detected. This associa-
tion was detectable not only for untreated blood pressure but also
during the high salt intake period. During a low salt intake
period, the effect was weaker (P�0.1). The blood pressure
difference between high and low salt intakes showed suggestive
trend for association (P�0.1) for systolic and diastolic blood
pressure. However, no clear-cut association for the salt-sensitive
or salt-resistance phenotypes was demonstrated.

Discussion
We used 2 genetic strategies to test the hypothesis that SGK1 is
relevant to blood pressure in man. First, we used microsatellite
markers and performed an identity-by-descent linkage analysis
in DZ twins and their parents. The results were supportive,
indicating that the SGK1 gene locus is linked to systolic and
diastolic blood pressure, irrespective of body position. We then
applied a second independent strategy. We performed an asso-
ciation study in the DZ twins and 1 person from each MZ twin
pair, ie, a total of 232 people. We found a significant association
for variants in the exon 8 SNP and systolic and diastolic blood
pressure, irrespective of body position. This SNP was in close,
but not complete, linkage dysequilibrium with a second SNP
551 bp away in intron 6 that also generally showed significant
associations. An interaction was observed between the SNPs.
Finally, we called on a third independent approach; ie, an
independent cohort analysis of normotensive young men sup-
ports the findings accrued from the twin subjects. Our findings
support a role for SGK1 in blood pressure regulation.

Our findings also underscore the usefulness of studying
multiple contiguous SNPs. Had we relied only on 1 SNP, our
analysis would have been less informative. By analyzing 2
SNPs, we were able to document an interaction that solidifies
our results. A similar but more comprehensive study was

recently reported by Zhu et al.20 They performed linkage and
association analysis of ACE gene polymorphisms with ACE
concentrations and blood pressure in 1343 Nigerians from 332
families. Most of the polymorphisms in the ACE gene were
significantly associated with ACE levels. The 2 most highly
associated polymorphisms accounted for 6% and 19% of the
variance in ACE. The authors then used a 2-loci additive model
and, with an additive-additive interaction of these polymor-
phisms, were able to explain most of the ACE variation in this
region. They also showed an association with systolic and
diastolic blood pressure when the 2-loci additive model was
used. We have not yet performed a comprehensive functional
analysis of the SGK1 gene, although such an analysis is clearly
warranted.

SGK1 and, indeed, all of the aldosterone-induced gene tran-
scripts are attractive candidate genes for blood pressure regula-
tion and particularly for hypertension. The small G protein
K-Ras2A and the aldosterone-inducible protein SGK1 both
appear to increase ENaC activity. K-Ras2A is a channel-
activating aldosterone-induced protein that is involved in GTP-
induced increases in channel activity and requires prenylation.21

Unpublished observations from our laboratory indicate that
activation of Ras upregulates and that disruption of Ras preny-
lation downregulates SGK1 transcription, pointing to interaction
of the 2 signaling molecules (S. Waldegger and F. Lang,
unpublished data, 2002). Once expressed, SGK1 requires acti-
vation that can be accomplished by insulin and insulin-like
growth factor (IGF1).22,23 The signaling of insulin and IGF1 to
SGK1 involves PI3-kinase and subsequent activation of the
serine/threonine kinases PDK1 or PDK2.22,23 ENaC upregula-
tion by mineralocorticoids requires activation through the PI3
kinase pathway, which mediates the stimulation of renal Na�

excretion by insulin and IGF1.24 Thus, SGK1 may participate in
the signaling of IGF1-induced alterations of renal Na� transport
and blood pressure. Acromegaly, which leads to enhanced
release of IGF1, is a well-known cause of hypertension, and the
IGF1 gene locus demonstrates linkage to blood pressure in
twins.25,26 Only a subpopulation of acromegalic patients develop
hypertension. In view of the present data, it is tempting to
speculate that the acromegalic patients who remain normoten-

Effect of the polymorphisms on blood pressure in the twin sam-
ple and the replication sample. Intron 6 CC has an increasing
effect that is compensated by the blood pressure–lowering
effect of exon 8 TT.

TABLE 3. Linkage Disequilibrium Between the 2
Polymorphisms in the Twin Sample

SNP Intron 6 TT Intron 6 TC Intron 6 CC

Exon 8 CC 172 (64) 48 (19) 3 (1)

Exon 8 CT 2 (1) 24 (10) 10 (4)

Exon 8 TT 0 (0) 0 (0) 5 (2)

Values are n (%); �2 test, P�0.01.

TABLE 4. Results of Confirmation Sample

Phenotype
Exon 8 CT/CC
Intron 6 TT/CT

Exon 8 CT/CC
Intron 6 CC

Exon 8 TT
Intron 6 CC

Basal sysBP* 111�8 126�3 111�7

Basal diaBP 56�6 56�4 56�5

Low salt sysBP† 109�7 118�13 106�2

Low salt diaBP 56�7 56�3 55�1

High salt sysBP* 109�8 125�4 104�4

Low salt diaBP 55�7 60�5 52�5

Diff(high-low) sysBP† 0�5 6�9 �3�2

Diff(high-low) diaBP† �1�4 5�2 �3�5

Values are mean�SD.
Combined analysis dominance model; sysBP indicates systolic blood pressure;

and diaBP, diastolic blood pressure.
*P�0.05; †P�0.1.
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sive express low levels of SGK1 and are thus less responsive to
the hypertensive effects of IGF1.

The function of SGK1 is not limited to regulation of renal
ENaC activity. The kinase is expressed in all human tissues
studied, including pancreas, liver, heart, lung, skeletal muscle,
placenta, kidney, and brain.2 In addition to glucocorticoids and
mineralocorticoids, cell shrinkage, excessive glucose concentra-
tions, increased cytosolic Ca2� activity, phorbol esters, serum,
and several inflammatory mediators (including granulocyte-
macrophage colony-stimulating factor, lipopolysaccharides,
N-formyl-Met-Leu-Phe, tumor necrosis factor-�, and tumor
necrosis factor-�1) stimulate SGK1 transcription.27 The kinase
has also been implicated in the regulation of cell proliferation,
apoptosis, and fibrosing disease.27 Conceivably, SGK1 could
also have a bearing on hypertension-induced vascular injury.
Thus, further understanding of SGK signaling may clarify the
increasing spectrum of aldosterone-mediated effects.27

We believe that the SGK1 gene is an excellent candidate gene
for blood pressure regulation and hypertension. Limitations of
our study are the fact that the linkage data are derived from a
relatively small number of DZ twins and their parents, and that
the gene locus has not been robustly linked to blood pressure
regulation and hypertension in an earlier study. An example for
the reproducibility of positive linkage findings in relatively small
samples would be the gene(s) responsible for Liddle’s syn-
drome.11 The locus was linked to blood pressure in the general
population in parallel on the basis of family studies and an earlier
twin study from our group.12–14 Careful physiological hypothe-
ses, replication, and concordant evidence from linkage and
association can add credibility to genetic studies. We provide
evidence for linkage between the SGK1 gene locus and systolic
and diastolic blood pressure under several different conditions.
We performed an association analysis of 2 SNPs in the SGK1
gene and found that both were associated with systolic and
diastolic blood pressure. We were then able to show a significant
interaction, which enhanced the effect. We conclude that SGK1
may be important to blood pressure regulation and hypertension.
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