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Clock genes and salt-sensitive hypertension: a new type
of aldosterone-synthesizing enzyme controlled
by the circadian clock and angiotensin II

Hitoshi Okamura1,2, Masao Doi1,2, Kaoru Goto1 and Rika Kojima1,2

With the current societal norm of shiftwork and long working hours, maintaining a stable daily life is becoming very difficult. An

irregular lifestyle disrupts circadian rhythms, resulting in the malfunction of body physiology and ultimately leading to lifestyle-

related diseases, including hypertension. By analyzing completely arrhythmic Cry1/Cry2 double-knockout (Cry-null) mice, we

found salt-sensitive hypertension accompanied by hyperaldosteronism. On the basis of a DNA microarray analysis of the adrenal

gland and subsequent biochemical analyses, we discovered that Hsd3b6/HSD3B1, a subtype of 3β-HSD, is markedly

overexpressed in aldosterone-producing cells in the Cry-null adrenal cortex. In addition, we found that Hsd3b6/HSD3B1, which

converts pregnenolone to progesterone, is a clock-controlled gene and might also be a key enzyme for the regulation of

aldosterone biosynthesis, in addition to the previously established CYP11B2, which synthesizes aldosterone from

deoxycorticosterone. Importantly, angiotensin II induces HSD3B1 via the transcription factor NGFIB in human adrenocortical

H295R cells, similarly to CYP11B2. As HSD3B1 levels are abnormally high in the adrenal aldosterone-producing cells of

idiopathic hyperaldosteronism (IHA), the temporal component of this system in the pathophysiology of IHA is a promising area

for future research.
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INTRODUCTION

It has long been known that biological rhythms are an important
factor influencing blood pressure. Specifically, blood pressure begins
to rise at dawn, continues to increase throughout the morning, reaches
a peak at noon, decreases in the afternoon and reaches a minimum
late at night. This blood pressure rhythm is also observed in patients
with high blood pressure; however, those with pathological conditions,
such as rhythm-deficient ‘non-dippers’ and ‘risers’ who demonstrate
contrasting diurnal variation, are at risk of cardiovascular complica-
tions and thus require intensive care.1 In addition, blood pressure
tends to increase with rotating shiftwork, long working hours and
other dysregulating biological rhythms.2 However, the mechanisms by
which biological rhythms regulate blood pressure and the reason why
rhythm abnormalities lead to high blood pressure are unknown.
In studies to determine the physiological role of the circadian clock

in mammals, we discovered that arrhythmic Cry1−/−Cry2−/− mice, due
to the loss of the circadian oscillatory machinery, had abnormal
increases in adrenal aldosterone production and demonstrated salt-
sensitive hypertension.3 In this analysis, 3β-hydroxysteroid
dehydrogenase-isomerase (3β-HSD), the enzyme responsible for the

synthesis of progesterone from pregnenolone, emerged as a new rate-
limiting step in aldosterone synthesis. Recent translational research in
humans has suggested that this enzyme is involved in the pathogenesis
and development of primary aldosteronism.4,5 Aldosterone regulates
sodium and water homeostasis, and its excess production increases the
risk of cardiovascular damage via the stimulation of mineralocorticoid
receptors.6,7 In this review, we outline a potential path by which the
biological rhythm system—a physiological phenomenon defined by
genes—controls blood pressure by regulating enzymes engaged in
aldosterone biosynthesis.

CLOCK GENES AND CLOCK-CONTROLLED GENES

ASSOCIATED WITH BIOLOGICAL RHYTHM

With the discovery of clock genes in 1997 in mice and humans, the
concept of biological rhythms was changed from its very foundation.8

According to the new viewpoint, biological rhythms are produced by
the evolutionarily conserved transcription and translation feedback
loops of clock genes within the body’s tens of trillions of cells.9,10

Within the cells, the periodic expression of these clock genes
establishes a 24-h dynamic state of equilibrium for basic cell functions,
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such as cell metabolism and the cell cycle.11 These individual cellular
clocks throughout the body are integrated via the central clock
in the suprachiasmatic nucleus of the brain.12 Suprachiasmatic
nucleus-evoked time signals are transmitted to the clocks of peripheral
cells through the sympathetic nervous system, parasympathetic
nervous system and the glucocorticoids from the adrenal gland
(Figure 1, upper).13

At the molecular level, the transcription and translation feed-
back loops that create cellular clocks are composed of positive
regulators, that is, Clock and Bmal1, and negative regulators, that
is, Per (Per1, Per2 and Per3) and Cry (Cry1 and Cry2) (Figure 1,
lower). Cellular clocks transmit time signals to regulate intracel-
lular metabolism by controlling thousands of clock-controlled
genes (ccgs);14 this concept was first reported for the circadian
system of Neurospora.15 Clock genes, as transcription regulators,
directly control ccgs at the transcriptional level to some extent via
cis-elements, such as E-box, D-box and Ror.11,14 These ccgs are not
just involved in universal cell functions, such as nucleic acid
metabolism,16 glucose homeostasis17 and the cell cycle,18 but also
in cell-specific functions.19 Thus, the identification of ccgs is
critically important to address the role of the circadian clock in
the physiology and pathology of disease.

RHYTHM-DEFICIENT, CRY-NULL MICE DEMONSTRATE

SALT-SENSITIVE HYPERTENSION

The dysregulated rhythm of circadian clocks in various organs might
disrupt the proper performance of the specified functions of peripheral
organs and ultimately lead to disease. To verify this hypothesis,
attempts have been made to establish genetically engineered mice
with the absence of rhythm. Van der Horst et al.20 demonstrated that
circadian locomotor rhythms are completely blocked in mice with
deletions of both Cry1 and Cry2. In collaboration with his group, we
established that Cry1/Cry2 double-knockout mice (hereafter referred

to as Cry-null) exhibit complete loss of rhythms in both central and
peripheral clocks.21,22 The Cry-null mice are the first established
mouse model that completely lacks clock oscillation throughout the
whole body. As blood pressure is a marked physiological output of
the circadian clock and the loss of rhythm is known to increase the
frequency of cardiovascular complaints, we investigated the circadian
blood pressure of these mice.3 For a normal diet containing 0.2% Na+,
blood pressure in Cry-null mice was within the healthy range, but the
diurnal rhythm of the mean arterial pressure was lost. However,
when given a high salt diet, the blood pressure of Cry-null mice
increased day by day, and after 1 week it increased by ~ 30 mmHg
(Figure 2, upper left). Under these salt-loaded conditions, normal
wild-type mice never exhibited an increase in blood pressure. In other
words, the Cry-null mice developed salt-sensitive, non-dipper-type
hypertension.1

What mechanisms are involved in the hypertension of salt-
loaded Cry-null mice? Cardiac output and peripheral resistance are
the two determinants of arterial blood pressure. The following three
theories have been proposed to explain this: (1) an overactive
renin–angiotensin system leads to vasoconstriction and the reten-
tion of sodium and water, (2) the increase in blood volume leads to
hypertension and (3) an overactive sympathetic nervous system
leads to increased stress responses. We began examining the state of
humoral factors in Cry-null mice, and we found that the plasma
aldosterone concentration is markedly increased in Cry-null mice
(5–10 times higher than in wild-type (WT) mice).3 As plasma renin
levels were reduced in Cry-null mice, the increase of plasma
aldosterone is not caused by the activation of the renin–angiotensin
system. To check whether aldosterone production is increased in
the adrenals, we eviscerated the adrenals, examined aldosterone
release from this ex vivo explant, and found a remarkable increase
of aldosterone release into the medium. These findings strongly
suggest that increased plasma aldosterone in Cry-null mice is
caused by the increased synthesis of aldosterone within the adrenal
glands (Figure 2, upper middle).
We applied a DNA microarray to the adrenal gland to identify the

causative molecules out of the dozens of enzymes involved in steroid
synthesis, and we found that a new mouse subtype of 3β-HSD called
Hsd3b6 was expressed at very high levels in Cry-null mice.3 Hsd3b6
localized in cells in the zona glomerulosa, but not in the zona
fasciculata of the adrenal gland3,23 and it is rhythmically expressed in a
circadian manner in WT mice. We also found that this enzyme is a
clock-controlled gene (ccg) regulated by a D-box cis element on its
promoter (Figure 2).

STRONG CONTROL WITH HSD3B1, ANGIOTENSIN II AND AT1

RECEPTORS

Is Hsd3b6 controlled only by the clock, or is it controlled by other
factors as well? Indeed, when mice are housed with a low salt diet, it
was found that Hsd3b6 is induced in the zona glomerulosa.23 As it is
well known that the renin–angiotensin system is activated under low
salt conditions, we speculated that angiotensin II is an inducer of the
low-salt activation of Hsd3b6; after a single dose of angiotensin II,
Hsd3b6 was strongly induced in the zona glomerulosa.24 To under-
stand whether a similar system occurred in human adrenals, we
examined its cellular mechanisms in H295R, a cell line derived from a
human adrenal gland tumor. We found that angiotensin II induces
HSD3B1, the human homolog of the mouse Hsd3b6, through the
activation of AT1 receptors (Figure 3a). As this induction was
completely blocked by the simultaneous application of protein
synthesis inhibitor cycloheximide,24 HSD3B1 induction is performed

Figure 1 The biological clock system and its abnormalities. The human
biological clock system comprises tens of trillions of cellular clocks and the
central clock in the SCN that manages them. Through rapid changes in
lifestyle, we now live in a 24/7 society, which perturbs the proper oscillation
of the biological clock. An SCN clock that is disrupted by irregular
environmental lights will lead to sleep disorders, and abnormal cellular
clocks of entire body organs raise concerns about lifestyle-related diseases.
The feedback loop of intracellular clock genes is illustrated (lower). The core
is composed of clock genes, such as Per1/Per2, Cry1/Cry2, Clock and
Bmal1.
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not by a pre-existing protein, but rather by a newly synthesized protein
that is likely to be occurring via a transcription factor. What could this
transcription factor be? As the NBRE (NGFIB-binding motif)
sequence localizes in the vicinity of the transcription initiation site
of the HSD3B1 promoter, we speculate that the orphan nuclear
receptor family NGFIB (NGFIB, NURR1 and NOR), which binds to
NBRE, is involved in this induction.
Interestingly, the administration of angiotensin II immediately

induced NGFIB and NURR1 in H295R cells.24 In gel shift and
chromatin immunoprecipitation assays, NGFIB bound to the HSD3B1
promoter (Figure 3b). Next, to determine whether angiotensin II was
actually acting on NGFIB to induce HSD3B1, dominant negative (DN)
mutants, which have altered gene products of NGFIB with no
transcriptional activity and have a dominant phenotypic effect over
any WT NGFIB, were induced in the cells and investigated (Figure 3c).
It was found that although HSD3B1 activity was comparatively higher
in cells not carrying the DN mutation, a HSD3B1 increase was not
observed in cells harboring the DN mutation even after angiotensin II
treatment. Through the above results, it was verified that angiotensin
II induces HSD3B1 through the NGFIB family of orphan nuclear
receptors.

What about the role of K+ in the secretion of aldosterone?
In H295R cells, K+ stimulation activates neither NGFIB nor
HSD3B1,25 although it stimulates CYP11B2, the enzyme for
the final step in the synthesis of aldosterone, via the activation
of CREB/ATF family members. We are therefore extremely
interested in the idea that external stimuli are able to regulate
differently the two distinct enzymatic steps required for aldosterone
synthesis.

TRANSLATIONAL RESEARCH TO PRIMARY ALDOSTERONISM

3β-HSD in humans has two subtypes, HSD3B1 and HSD3B2. Until
now, only HSD3B2 was known to exist in the adrenal gland. Using a
laser microdissection that allows for extraction at the cellular level and
the TaqMan MGB probe that recognizes single-nucleotide sequence
differences, we revealed the enzyme HSD3B1, corresponding to the
mouse Hsd3b6, exists only in the aldosterone-producing cells in
humans as well.
Furthermore, to explore the role of this enzyme in the

pathogenesis of human hypertension, we generated HSD3B1- and
HSD3B2-specific monoclonal antibodies4 and examined their
expression profiles in the adrenal cortexes of patients who suffered
from primary aldosteronism by using immunohistochemistry.4,5

Figure 2 Salt-sensitive hypertension and adrenal aldosterone-producing cellular clocks. The upper left of the figure shows the average ambulatory aortic blood
pressure by using a telemetry system. The day and night difference in blood pressure is observed in WT mice, whereas this day and night rhythm is abolished
in Cry-null mice. Even when the normal diet (0.2% sodium) was changed to a high salt diet (3.15% sodium), the blood pressure did not change in WT mice;
however, in Cry-null mice, blood pressure gradually rose and reached a plateau after ~1 week. The upper middle of the figure shows the 24-h rhythm of the
plasma aldosterone concentration. In WT mice, there is a weak rhythm with a peak at night; however, in Cry-null mice, plasma aldosterone concentrations are
constantly extremely high and the rhythm has disappeared. CT indicates the circadian time that shows the phases of the endogenous rhythm. CT0 and CT12
correspond to the start of the subjective light (dawn) and dark periods (dusk), respectively. The upper right of the figure shows the DNA microarray analysis
using the adrenal glands of the Cry-null and WT mice. The expression of the genes involved in steroid synthesis was analyzed at six time points throughout
the day. In the adrenal glands of the Cry-null mice, a probe that recognizes Hsd3b6 showed abnormally high values throughout the day. In the bottom of the
figure, a scheme demonstrates the role of the clock in the aldosterone cells of the zona glomerulosa of the adrenal gland. The positive cellular clock
regulator, DBP and negative regulator, E4BP4, act competitively with the D-box of the HSD3B1/Hsd3b6 promoter, leading to rhythms in the expression.
Namely, it shows that Hsd3b6 is a clock-controlled gene. In the Cry-null mice, compared with the constant maximum values demonstrated by DBP, E4BP4
remains at comparatively low values, making the transcription balance positive, and Hsd3b6 mRNA increases. The middle left of the figure shows the
specific expression in the zona glomerulosa (red) through immunohistochemical staining, using the antibody for the Hsd3b6 protein. The lowest portion
shows the adrenal steroid synthesis enzyme for the transition from cholesterol to aldosterone and its metabolites. HSD3B1 and CYP11B2 are enzymes
specific to the zona glomerulosa of the adrenal gland. HSD3B1/Hsd3b6 and CYP11B2 are enzymes that exist only in the aldosterone cells and only within
the adrenal gland. Excluding the lowest portion of the figure, all information is adapted from Doi et al.3 with permission.
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Primary aldosteronism is characterized by excess production of the
hormone aldosterone by the adrenal glands, resulting in low plasma
renin levels. Increased aldosterone increases the absorption of
sodium with water in the kidney tubules, increasing the blood
volume and blood pressure. Primary aldosteronism is classified into
two subgroups: one is aldosterone-producing adenoma (APA), and
the other is idiopathic hyperaldosteronism (IHA) displaying
hyperplasia.
In a normal adrenal gland, HSD3B1 is expressed only in the cells

of the zona glomerulosa, although HSD3B2 was expressed in both
the zona glomerulosa and the zona fasciculata (Figure 4). This
distribution pattern supports the idea that HSD3B1 is involved only
in aldosterone production and HSD3B2 is involved in both
aldosterone and cortisol production. In cases of IHA, HSD3B1
had a markedly increased expression within cells in the zona
glomerulosa. In APA tumor cells, HSD3B2 was strongly expressed
in almost all the cells, whereas HSD3B1 was rarely observed.
Interestingly, for the adrenal glands accompanied by APA, both
HSD3B1 and HSD3B2 exhibit drastically suppressed expression
within the zona glomerulosa cells. This result indicates that the
level of HSD3B enzyme is dynamically regulated by product
inhibition due to the massive amount of aldosterone produced by
the APA tumor. As such, we propose a model in which aldosterone
is produced differently in IHA and APA; in IHA, excess aldosterone

is produced by the excess of HSD3B1 in both sides of the adrenal
glands with hyperplasia, whereas in APA, excess aldosterone occurs
through high HSD3B2 production in tumor cells. Abnormal
aldosterone synthesis in primary aldosteronism has long been
thought to involve the aldosterone synthase CYP11B2, the last-
step enzyme of aldosterone synthesis. However, CYP11B2 is
not always highly expressed in the lesions of primary
aldosteronism.26,27 We therefore speculate that 3β-HSD provides
another rate-limiting step for aldosterone synthesis regulation and
hence pertains to the pathogenesis of hyperaldosteronisms in
primary aldosteronism.
Finally, Cry-null mice can be used as a new animal model for IHA.

As there are no tumors, but there is a trend for hyperplasia in
histology and the ability for accelerated aldosterone production in
both sides of the adrenal gland, the Cry-null mice could be a model of
IHA28 and its complications.29

CONCLUSION

Primary aldosteronism, accounting for 10% of hypertension cases,
has received a great deal of recent attention as a treatable form
of hypertension. It is associated with a higher rate of circulatory
complications, such as atrial fibrillation, than is essential
hypertension.7 In recent years, somatic gene mutations in the
potassium channel KCNJ5, ATP1A1 and CACNA1D have been

Figure 3 Angiotensin II induces expression of HSD3B1 through NGFIB in H295R cells. (a) Angiotensin II (AngII)-induced expression in the human adrenal
cortex-derived H295R cells. HSD3B1 peaked at 4 h after AngII treatment (100 nM). This induction was completely suppressed with the AT1 receptor
antagonist CV11974 (100 nM) but was not suppressed with the AT2 receptor antagonist PSD123319 (PD; 1 μM). (b) NGFIB binds to the NBRE sequence of
the HSD3B1 promoter in H295R cells. In a gel shift assay, increased NGFIB binding was observed after AngII treatment (C1, lanes 3 and 4). The arrow
indicates a supershift band caused by anti-NGFIB/NURR1 antibody (lanes 6 and 7). Normal IgG was used as a control. Cold probe completion with WT
(lanes 9 and 10), but not mutant (lanes 11 and 12), NBRE led to the loss of the observed NGFIB binding. (c) Transfection with a dominant negative NGFIB
(DN-NGFIB) interferes with AngII-triggered HSD3B1 expression in H295R cells. Because of the low efficiency of transfection, transfected H295R cells were
separated from those not transfected with a magnetic separation system. Briefly, a cell-surface selection marker was co-transfected with DN-NGFIB. This, in
combination with the use of a magnetically labeled, anti-cell-surface marker antibody, allows for the trapping of DN-NGFIB-positive (+) transfected cells with
a magnetic field. Quantitative RT-PCR analysis reveals that AngII treatment (A(+))-induced induction of HSD3B1 was completely blocked in DN-NGFIB (+)
cells, while it remained normal for control DN-NGFIB (− ) cells. Expression levels of StAR and HSD3B2 were unimpaired by DN-NGFIB. Adapted with
permission Ota et al.24
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reported as causes of APA;30–32 the increased activity of cells caused by
this mutation is thought to be connected to an increase in aldosterone
production. Aldosterone biosynthesis involves multiple enzymes;
among them, StAR is the aldosterone synthesis enzyme and
CYP11B2/aldosterone synthase mediates the last step. On the basis
of an analysis of clock-disrupted Cry-null mice showing hyperaldos-
teronism, we proposed that HSD3B1/Hsd3b6, a new subtype of
3βHSD, is a new candidate regulator of aldosterone synthesis.3,4

Similar to CYP11B2, this enzyme is also regulated by angiotensin II
(Figure 5).

Rotating shiftwork and long working hours are common in the 21st
century, reflecting the globalization of economic activity, correlated
with an increase in the risk of lifestyle-related diseases.33,34 Recent
molecular studies of clock-deficient animals have clarified the links
between clock dysfunction and several of these diseases35–37 Originally,
the circadian clock may have functioned as a homeostatic guardian of
a variety of cellular metabolic processes in response to daily environ-
mental changes. The temporal components of an aldosterone-
regulating system in the pathophysiology of hypertension are promis-
ing targets for future research.28

Figure 4 Immunohistochemical analysis of HSD3B1 and HSD3B2 in primary aldosteronism. This figure demonstrates the expression of HSD3B1 and
HSD3B2 in a normal adrenal gland (NA), an IHA adrenal gland, an APA tumor and the adrenal cortex adjacent to an APA by using subtype-specific
monoclonal antibodies. Note that for each disease type, there are distinct distribution differences. Adapted with permission from Doi et al.3 ZF, zona
fasciculate; ZG, zona glomerulosa; ZR, zona reticularis.
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