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Licorice has been used as a medicinal plant from 2.500 years. It shows a wide range
of biological and pharmacological activities, including anti-inflammatory and immune
regulatory actions. One of its most known effects is the induction of hypertension, and
it can induce what appears to be pseudohyperaldosteronism, due to glycyrrhetinic acid,
the main active component of the root. Glycyrrhetinic acid and metabolites block the 11
beta-hydroxysteroid dehydrogenase type 2 and also bind mineralocorticoid receptors
directly, acting as agonists. However, other interesting therapeutic uses of licorice are
linked to its anti-androgen and estrogen-like activity, especially in the treatment of
polycystic ovary syndrome (PCOS) in conjunction with spironolactone therapy. In this brief
review, we report the main features and possible therapeutic uses of this ancient plant.

Keywords: licorice, aldosterone, polycystic ovary syndrome (PCOS), pseudohyperaldosteronism, glycyrrhetinic
acid (GA), hypertension, inflammation

INTRODUCTION

Licorice is a perennial plant, native to Mediterranean area and Asia Minor, studied for a long time
as for its several biological and endocrine properties. The main constituents are triterpene saponins,
whose main component is glycyrrhizic acid (GI) that is hydrolyzed into glycyrrhetinic acid (GA)
in the stomach and duodenum. Other important constituents are flavonoids, such as glabridin,
accounting about 1-24% of the root weight dependent on the species.

Licorice has been used as a medicinal plant for 2,500 years and its ancient applications
were confirmed by recent scientific studies (1). In the fourth century B.C., Teophrastus
reported that the Scythians were able to survive in the desert eating licorice roots as
a thirst quencher and this effect was due to sodium and water retention, subsequently
ascribed to the mineralocorticoid effect of licorice (2). Its most frequent side effect is
pseudohyperaldosteronism, a clinical condition characterized by hypertension, hypokalemia and
suppression of plasma renin and aldosterone levels (3). These effects were first reported by
Revers in 1946 (4), and until 1970, licorice intoxication was a frequent cause of factitious
hypertension and hypokalemia. Pseudohyperaldosteronism can be due to prolonged intake
not only of licorice roots, but also of products flavored with licorice to ameliorate the taste,
such as herbal products, candies, breath fresheners, tobacco, teas, and even laxatives (5).
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However, many other endogenous or exogenous conditions
can lead to pseudohyperaldosteronism, such as Liddles
Syndrome, Cushing’s syndrome, apparent mineralocorticoid
excess (AME) syndrome, prolonged use of grapefruit (6), intake
of fludrocortisone, and some enzyme deficiencies, such as
deficiencies of 11 hydroxylase, 17 alpha-hydroxylase, or 5 alpha-
reductase (7). The knowledge of the effects of overconsumption
of mineralocorticoid-like substances has reduced the prevalence
of this pathological condition.

Moreover, licorice has several other clinical applications, due
to its anti-androgen and estrogen-like activity (Figure 1), that are
especially used in the treatment of polycystic ovary syndrome
(PCOS) in association with spironolactone, a mineralocorticoid
receptor (MR) blocker.

In this brief review, we report the features, mechanisms of
endocrine actions and the possible therapeutic uses of licorice
and its derivatives, focusing mainly on in vitro and in vivo studies
in humans.

THE MINERALOCORTICOID EFFECT AND
THE MECHANISM OF
PSEUDOHYPERALDOSTERONISM

Aldosterone is the main mineralocorticoid, produced by the zona
glomerulosa of the adrenal cortex, and it is mainly regulated by
angiotensin II and potassium. It regulates electrolyte and water
balance, and consequently blood pressure, by stimulating gene
expression of serum-glucocorticoid-inducible kinase 1 (SGK1)
and epithelial sodium channel (ENaC), involved in sodium
and potassium regulation and reabsorption in renal tissues (8).
Aldosterone exerts its effects via the MR, which belongs to the
nuclear receptor superfamily and acts as a ligand-dependent
transcription factor (9).

Cortisol, the main glucocorticoid, and aldosterone bind the
MR with similar affinity, but cortisol levels are 100-1,000 times

higher than that of aldosterone. For this reason, in the classical
target tissues of aldosterone, such as kidney, intestine and salivary
and sweat glands, the MR activation is regulated by the presence
of the enzyme 11 beta-hydroxysteroid dehydrogenase type 2
(11HSD2), which inactivates cortisol to cortisone (Figure 2).
Cortisone has no affinity for MR and glucocorticoid receptor,
ensuring the activation of the MR only by aldosterone. However,
if the enzyme is saturated (by significantly increased cortisol
levels, such as in Cushing’s syndrome) or mutated (as in
AME syndrome) or blocked (as during prolonged intake of
licorice), cortisol is able to bind and activate MR, leading to a
pseudohyperaldosteronism (7).

Licorice-induced pseudohyperaldosteronism is mainly due to
GA, which acts through two different mechanisms (Figure 1):
it can block 11HSD2 (Figure 2) and directly bind to the MR
as an agonist, with an affinity of about 5,000 times lower
than aldosterone, evaluated in kidney cytosol or kidney slices
from adrenalectomized rats (10). However, during chronic
overconsumption of licorice, plasma concentrations of GA
support a direct effect of GA at the MR level, notwithstanding the
low affinity (11). Moreover, it has been demonstrated in human
mononuclear leukocytes (MNL) by radioreceptor assay that the
mineralocorticoid effector mechanism of GA can be reversed
by coincubation with canrenone, a MR blocker, derivative of
spironolactone (11). The effect on the 11HSD2 occurs even with
relatively low serum concentrations of GA, while the binding
to MR starts later when the substance has accumulated in the
blood (12).

The accurate personal history, including a detailed dietary
and drug history, and the measurement of renin, aldosterone
and serum and urinary electrolytes are necessary for an accurate
diagnosis of these forms of hypertension (13). The more
accurate parameter to diagnose the reduced function of 11HSD2
is the measurement of the urinary cortisol metabolites,
represented by the increased urinary cortisol/cortisone
or urinary tetrahydrocortisol+allo-tetrahydrocortisol

Main components
of licorice root

X

GI - hydrolyzedinto GA

Flavonoids (glabridin)

" «

Mineralocorticoid-like effect:
- Blocking 11HSD2
- Binding MR

Anti-androgen effect:
- Blocking 17HSD
- Blocking 17-20 lyase

Estrogen-like effect:
- Binding ER

FIGURE 1 | Endocrine effects of the main components of licorice. Gl, glycyrrhizic acid; GA, glycyrrhetinic acid; 11HSD2, 11 beta-hydroxysteroid dehydrogenase 2;
MR, mineralocorticoid receptor; 17HSD, 17 hydroxysteroid dehydrogenase; ER, estrogen receptor.
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FIGURE 2 | Mechanism of conversion of cortisol into cortisone through 11 beta-hydroxysteroid dehydrogenase 2 (11HSD2). This enzyme is a NAD-dependent
dehydrogenase enzyme, mainly expressed in the kidney, intestine, salivary and sweat glands. It can be inhibited by glycyrrhetinic acid, leading to functional

mineralocorticoid excess due to unmetabolized cortisol at the level of classical target tissues of aldosterone.

(TFH+alloTHF)/tetrahydrocortisone ~ (THE) ratios  (14).
Increased urinary cortisol/cortisone ratio is an important tool,
also for the differential diagnosis with Cushings syndrome,
since cortisol levels can be very high during chronic licorice
intake (15).

The features of pseudohyperaldosteronism are linked to
individual factors, such as the age, the gender, a previous history
of hypertension, the time of transit and hydrolysis of GI to GA
in the stomach and duodenum (10). Cessation of licorice intake
and, in some cases, treatment with MR blockers can recover the
abnormalities, but sometimes hypertension can persist due to
other causes, as reported in some cases of primary aldosteronism
after adrenalectomy.

MINERALOCORTICOIDS, LICORICE AND
INFLAMMATION

In the last few decades, many studies have evaluated the
role of aldosterone not only in the sodium balance and
hypertension, but also in the pathogenesis of inflammation
(16). This effect was hypothesized by Selye immediately after
the discovery of the first mineralocorticoid, deoxycorticosterone
(DOC). He reported an inflammatory activity of DOC in contrast
to the anti-inflammatory action of glucocorticoids (17). The

inflammatory effect of aldosterone is mediated through MR and
non-genomic pathways not yet deeply clarified (16). Therefore,
all the substances with a mineralocorticoid-like action may
induce not only alterations of electrolytes and hypertension, but
also inflammatory reactions in several tissues.

Since 1980, aldosterone excess has been reportedly involved in
the inflammatory reaction, heart fibrosis, cardiovascular and
cerebrovascular risk and atrial fibrillation. The protective effect
of MR blockers, like spironolactone, canrenone, potassium
canrenoate and eplerenone, to prevent the inflammatory effect of
aldosterone in non-epithelial cells, was evidenced in the studies
of Pitt and collaborators in patients with severe heart failure. The
authors reported a significant reduction of the prevalence of heart
failure relapse and cardio-cerebrovascular accidents when the
MR blockers were added to the conventional treatments of these
pathological conditions (18-20). The protective effect of MR
blockers is opposite to the effect of other diuretics that increase
aldosterone secretion and inflammatory reaction (21, 22). Recent
researches are exploring the protective effect of spironolactone as
an anti-inflammatory and immunomodulatory agent even in the
treatment of other pathological conditions, such as rheumatoid
arthritis and central serous chorioretinopathy (23, 24).

We investigated the inflammatory effect of aldosterone using
MNL, which are the cells mainly involved in inflammation. In
1985, we characterized MR in MNL (25), and subsequently, we
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showed that in vitro aldosterone and GA were able to regulate
the intracellular concentration of electrolytes (26) and the
cellular volume (27), through both genomic and non-genomic
pathways (28). In 2004 we investigated a possible involvement of
aldosterone in the MNL model (29). Incubation of mononuclear
cells with aldosterone enhanced the protein expression of PAI-
1 and p22phox, two markers of inflammation. The effect of
aldosterone was reversed by coincubation with canrenone. In
the same study, we also evaluated the effect of GA, which
was similar to aldosterone at concentrations consistent with its
affinity for MR.

LICORICE AS ANTI-INFLAMMATORY: THE
ERYTHROCYTE MODEL

In erythrocytes, the proinflammatory effect has been evaluated by
the increased sensitivity to diamide, a mild oxidant able to trigger
the tyrosine phosphorylation (Tyr-P) of erythrocyte membrane
proteins, mainly band 3 (30). The increased band 3 Tyr-P
levels correlate with chronic deficiency of cellular anti-oxidative
defenses. A previous study demonstrated that GA prevents the
erythrocyte alterations induced by diamide in a dose-dependent
manner, preserving membrane integrity against oxidative and
proteolytic damage (31) (Figure 3). These effects mediated by
GA are opposite from those of aldosterone, that exacerbates
the alterations induced by diamide. The prooxidative effect of
aldosterone was confirmed in both in vitro studies, incubating
erythrocytes from healthy volunteers with increasing aldosterone
concentrations, and in vivo experiments, evaluating erythrocytes
from patients with primary aldosteronism (30). The erythrocyte
membrane alterations were mediated by aldosterone in a

dose- and time-dependent manner and were almost completely
prevented by canrenone or cortisol, suggesting a non-genomic
effect mediated by MR (32). Moreover, aldosterone-related
alterations led to increased autologous IgG binding, which could
induce premature erythrocyte removal from circulation (30).

The discrepancy between the effects of GA in MNL and
erythrocytes demands an explanation. The protective effect could
be related to a direct interaction of GA at the level of plasma
membrane (30), not mediated by MR, preventing membrane
protein oxidation (Figure 3) and/or to the glucocorticoid activity
of GA (10). These data suggest that licorice can induce
pseudohyperaldosteronism and an inflammatory reaction related
to the binding to MR and to the blocking of 11HSD2, but it
can also show anti-inflammatory and antiatherosclerotic (33)
effects modulating cellular membrane fluidity and oxidative
stress, and showing an estrogen-like (34) and glucocorticoid-like
activity (10).

THERAPEUTIC USE OF LICORICE

Licorice root has been widely used for several therapeutic
properties. In particular, GA has antiviral and antimicrobial
activities, stimulating T-helper 1 immune response and the
interferon gamma secretion (35). Licorice has also been
used in the treatment of the chronic fatigue syndrome (36)
and of Addison’s disease, especially before the discovery of
fludrocortisone (37): these effects are due to the reduced
inactivation of cortisol in cortisone through the block of 11HSD2,
even when cortisol production is reduced, and to the binding to
the MR. These properties have been applied even in the treatment

Protein Band 3

Membrane
proteins

_ Glycyrrhetinic acid (GA)
Licorice intake s 7 /corice metabolite

Band 3 high molecular weight

Band 3 tyrosine agaregate (HMWA)

phosphorylation
(Tyr-P)

Glutathionylated
membrane
proteins

O )

‘@\%

Carbonic anhydrase
e

¢

GA can protect RBC from strong
oxidant-induced protein alteration

FIGURE 3 | Red blood cell (RBC) membrane alterations induced by oxidative stress and the possible anti-inflammatory effect of licorice. Glycyrrhetinic acid (GA),
which has been shown to directly interact with membrane sphingolipids and cholesterol, can induce a protective shield against membrane protein oxidation, mainly
avoiding protein band 3, the main constituents of RBC membranes, from being oxidized by ROS to form high molecular weight aggregate (HMWA), recognized by
circulating IgG as premature aged cells. GA also prevents protein glutathionylation, which would avoid cytosolic GSH store depletion and support the correct
functioning of cytosolic enzymes such as Carbonic Anhydrase (CA2).
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of postural hypotension in some diabetic patients with secondary
hypoaldosteronism (38).

In recent years, the most fascinating use of licorice has been in
the treatment of PCOS. We previously demonstrated that licorice
can decrease the secretion of testosterone both in men and in
women (39, 40). In healthy men this effect is not usually relevant,
as the serum concentrations of testosterone are relatively high,
while in women affected by hyperandrogenism, as in PCOS,
the anti-androgen effect of licorice can be important, especially
when associated with spironolactone. Spironolactone acts not
only as MR blocker, but also as androgen receptor antagonist,
affecting both gonadal and adrenal steroidogenesis and causing
sex steroid-related clinical manifestations, such as impotence
and gynecomastia in men, and menstrual irregularities and
breast tenderness in women. Therefore, it is widely used in the
treatment of PCOS, being effective for hirsutism, acne, effluvium
capillorum and other clinical signs of hyperandrogenism (41).
However, during treatment, patients may complain about
side effects due to its anti-mineralocorticoid effect, causing
hypotension and hyperkalemia. The addition of licorice can
blunt the diuretic activity of spironolactone and enhance the
anti-androgen effect (Figure 1), reducing androgen secretion by
blocking the 17 hydroxysteroid dehydrogenase and 17-20 lyase
in the ovaries and adrenals (42). It is worth noting that licorice
can also reduce the prevalence on intermenstrual bleeding
occurring in about 20-50% of women taking spironolactone
(43). This effect could be related to the stimulation of aromatase
activity and/or to the estrogen-like effect of glabridin, a flavonoid
present in some commercial preparations of licorice (44). Recent
studies support the estrogen-like effect of glabridin even at the
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