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Abstract

Foods and botanical supplements can interfere with the endocrine system through the presence of 

phytosteroids – chemicals that interact with steroids receptors. Phytoestrogens are well studied, 

but compounds such as kaempferol, apigenin, genistein, ginsenoside Rf, and glycyrrhetinic acid 

have been shown to interact with non-estrogen nuclear receptors. These compounds can have 

agonist, antagonist, or mixed agonist/antagonist activity depending on compound, receptor, cell 

line or tissue, and concentration. Some phytosteroids have also been shown to inhibit steroid 

metabolizing enzymes, resulting in biological effects through altered endogenous steroid 

concentrations. An interesting example, compound A (4-[1-chloro-2-(methylamino)ethyl]phenyl 

acetate hydrochloride (1:1)) is a promising selective glucocorticoid receptor modulator (SGRM) 

based on a phytosteroid isolated from Salsola tuberculatiformis Botschantzev. Given that $6.9 

billion of herbal supplements are sold each year, is clear that further identification and 

characterization of phytosteroids is needed to ensure the safe and effective use of botanical 

supplements.

1. Introduction

Phytosteroids are a class of specialized metabolites derived from plants that bind to steroid 

receptors in animals and can trigger or repress downstream receptor-mediated signaling 

events. Phytosteroids have diverse structures, sometimes very different from the endogenous 

steroid (Figure 1); yet they can act as agonists, antagonists, or frequently have mixed 

agonist/antagonist activity for steroid receptors (Lesovaya et al., 2015; Toh et al., 2012). In 

addition, some phytosteroids interact with multiple steroid receptors (Pihlajamaa et al., 

2011) or interfere with steroid metabolizing enzymes (Blachley and Knochel, 1980), thus 

having complex effects on the endocrine and reproductive systems.
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2. Herbal and Dietary Effect on Fertility

Botanicals have been used to treat disease and control reproduction for centuries (Noumi 

and Tchakonang, 2001; Yun, 2001), a phenomenon that continues, as evidenced by the 

growing market for dietary herbal supplements (Smith et al., 2016). Phytosteroids have the 

potential to interfere with multiple aspects of the endocrine system, with early examples 

involving reduced fertility (Bennetts et al., 1946; De Lange, 1961). The first phytosteroids 

were reported when it was found that sheep grazing on subterranean clover in western 

Australia suffered from reduced fertility (Bennetts et al., 1946). Since then, molecules that 

activate the estrogen receptor (phytoestrogens; typically isoflavones, lignans, and 

coumestans) have been identified as steroidogenic constituents responsible for reduced 

fertility (Adams, 1995; Hughes, 1988). In a study examining the effects of caffeine on 

fertility, high consumption of tea was associated with double the frequency of pregnancies, 

while caffeine or other caffeinated drinks had no effect (Caan et al., 1998). A double-blinded 

placebo-controlled study of the herbal supplement FertilityBlend® found that the herbal 

supplement increased the pregnancy rate likely through enhanced luteal phase progesterone 

concentration increases in women trying to conceive (Lm et al., 2005). However, since 

herbal supplements likely influence reproductive biology in multiple ways, more research is 

required to identify the mechanisms responsible and determine whether these effects are the 

result of steroid receptor signaling (Dennehy, 2006).

Identification of novel phytoestrogens and characterization of their biological activities 

continues to be an area of active research (Nie et al., 2015). A thorough literature search 

reveals that many other phytosteroids exist and bind the progesterone, androgen, and 

corticoid receptors. However, though their potential biological activities have been 

characterized to widely varying degrees.

3. Phytoprogestins

Progesterone is primarily produced by the ovarian corpus luteum (CL) during the luteal 

phase of the menstrual cycle and early pregnancy, with the placenta taking over as the 

primary source of progesterone by late pregnancy. Progesterone prepares the uterus for 

pregnancy and is essential in maintaining an existing pregnancy. Defects in progesterone 

secretion and action have been linked to reduced fertility (Lydon et al., 1996; Soliman et al., 

1994). At the same time, progestins are routinely used in medicine to control female 

reproduction and treat gynecological malignancies. For example, the synthetic progestins 

levonorgestrel and drospirenone are key components of birth and are also used treat 

gynecological conditions such as endometriosis and uterine bleeding (Leo et al., 2016).

3.1 Plants Produce Progesterone

For many years, it was assumed that only animals produced ovarian steroids. However, 

progesterone has been repeatedly isolated from plant material. The first evidence of 

progesterone in plants was published in 1968, when progesterone was isolated from apple 

seeds using thin-layer chromatography (Gawienowski and Gibbs, 1968). Pauli et al. (2010) 

identified progesterone in English Walnut (Juglans regia). In wheat, progesterone 

concentration varied by variety, age, stage of growth, and drought status, suggesting a role in 
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the growth and development of the crop (Janeczko et al., 2013). As further evidence that 

progesterone has a biological effect in plants, the same group found that the 3β-

hydroxysteroid dehydrogenase (3βHSD) inhibitor, trilostane, reduced free progesterone 

concentrations in wheat seedlings, evidencing its efficacy in plants (Janeczko et al., 2015). 

Trilostane reduced ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) activity in 

wheat seedlings grown in drought conditions, and exogenous progesterone reversed the 

effect (Janeczko et al., 2015). These investigations clearly demonstrated that plants produced 

progesterone, and suggested that progesterone may regulate plant growth. It is unclear 

whether plant derived progesterone exerts biological effects in the animals that consume it. 

In post-menopausal women, oral administration of 100 mg/day of progesterone was required 

to achieve biologically relevant serum concentrations (20-30 nM; Adlercreutz and Martin, 

1980; Whitehead et al., 1980). Given the range, but relatively low, of concentrations found in 

plants (pg/g to ng/g), it is unlikely that orally ingested plant-based progesterone would reach 

serum concentrations sufficient to have biological effects in humans.

3.2 Identification of Novel Phytoprogestins

The first progestins used for birth control, norethynodrel and norethindrone, were 

synthesized from diosgenin, which was isolated from yams (Crabbé, 1979). However, 

diosgenin does not bind the progesterone receptor (PR; Zava et al., 1998) and therefore 

cannot be considered a phytoprogestin. There is evidence that other molecules in plants do 

interact with the progesterone receptor. An early case report suggested that a ginseng 

supplement induced estrogenic changes in vaginal epithelium (Punnonen and Lukola, 1980). 

The investigators showed that a crude methanol extract of ginseng competed with R5020 (a 

progestin) and estradiol for binding sites in the rat uterus (Punnonen and Lukola, 1980), 

indicating the presence of progestin and estrogen. Zava et al. (1998) screened 150 plant 

extracts for binding to T47D cells (a breast cancer cell line with high levels of PR) as a 

surrogate for PR binding, and identified 20 plants that potentially contained phytoprogestins. 

However, subsequent analysis using alkaline phosphatase activity as a measure of 

progesterone signaling found no extracts with PR agonist activity. Extracts from damiana, 

dong quai, yucca, and mistletoe reduced alkaline phosphatase activity in the presence of 

progesterone, suggesting the presence of PR antagonists, but these extracts were not further 

characterized (Zava et al., 1998).

Rosenberg et al. (1998) used secretion of prostate specific antigen (PSA) from T47D cells to 

screen 45 compounds for phytosteroid actions. The investigators identified apigenin, 

naringenin, and syringic acid as potential phytosteroids. To determine if these molecules 

acted through the PR or androgen receptor (AR), they tested the ability of an anti-androgen 

(RU56,187) or anti-progestin (RU486) to block their effects. RU486 reduced the activity of 

each compound by 80-95%, confirming them as progestins. The authors also screened 45 

compounds in the presence of the progestin norgestimate to look for anti-progestin actions 

and identified 11 compounds that reduced activity 24-90%. However, the compounds were 

not further characterized.

Toh et al. (2012) found that the 75% ethanolic extract from red clover (Trifolium pretense) 

significantly increased PRE/luciferase activity in T47D cells. Screening a library of 26 
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compounds from red clover, common phytoestrogens reported in red clover (genistein, 

daidzein, biochanin A, and formononetin) had no effect, but kaempferol and apigenin 

(Figure 1) both significantly increased PRE/luciferase induction in T47D and human 

endometrial stromal cells (HESC). Apigenin had a biphasic effect, and increased PRE/

luciferase activity at low concentrations but not at high concentrations. In addition, RU486 

completely blocked the PRE/luciferase activity of both kaempferol and apigenin, confirming 

that they interacted with the PR. Most interestingly, both compounds acted as weak agonists 

in isolation, increasing PRE/luciferase activity 5-7 fold as compared to the 54-fold induction 

detected from 100 nM progesterone. However, in the presence of progesterone, both 

compounds acted as antagonists, and reduced progesterone-stimulated PRE/luciferase 

activity by >50% (Toh et al., 2012). In a follow up study, kaempferol failed to induce ERE/

luciferase or PSA/luciferase activity, showing its specificity toward PR (Toh et al., 2014). In 
vivo genistein (a phytoestrogen) increased proliferation of the uterine epithelium as 

measured by Ki67 immunostaining, and kaempferol reduced the effect. In the uterine 

stroma, genistein increased PR expression, as expected for an estrogenic compound. 

Interestingly, kaempferol did not reduce PR levels, as might be expected for a progestin (Toh 

et al., 2014). Kaempferol also increased amphiregulin A, a well-established progesterone 

stimulated gene. Collectively, these results indicate that kaempferol is a phytoprogestin, with 

mixed agonist/antagonist activity.

3.3 Apigenin Exhibits Progestin and Anti-Progestin Effects

Apigenin has repeatedly been identified as a phytoprogestin (Rosenberg et al., 1998; 

Stroheker et al., 2004; Toh et al., 2012), and hence should exert biological effects in 

progesterone-sensitive systems, such the uterus or breast cancer. Indeed, several studies have 

found such biological activity. For example, oral gavage of apigenin decreased total levels of 

estrogen receptor α in the uterus (Breinholt et al., 2000), a well-known effect of 

progesterone (Evans et al., 1980; Hsueh et al., 1976). Treatment of MBA-MB-468 cells, a 

breast cancer cell line, with either progesterone or R5020, resulted in increased proliferation 

and phosphorylation of AKT (Dressing et al., 2012). In a separate study, apigenin was 

shown to reduce both proliferation and AKT phosphorylation of MBA-MB-468 cells 

(Harrison et al., 2014), essentially having effects opposite of progestins.

More functionally, Willemsen et al. (2003) produced cell lines to identify novel steroid 

receptors and identified apigenin as a weak PR agonist. In Ishikawa cells, apigenin 

antagonized progesterone stimulated SLUTE1 expression with an EC50 of 850 nM. 

Apigenin was shown to block medroxyprogesterone (MPA)-induced increase in VEGF 

production and secretion by T47D cell (Mafuvadze et al., 2010). In a 7,12-

dimethylbenz[a]anthracene induced breast cancer model, MPA enhanced tumor growth, an 

effect that was abrogated by apigenin co-treatment (Mafuvadze et al., 2011). The same 

group also showed that that MPA increased tumor growth in a BT-474 xenograft model and 

apigenin again blocked the effect (Mafuvadze et al., 2012). Supporting the idea that the 

effects of apigenin were due to anti-progestin activity, RU486 also reduced tumor growth in 

these same in vivo models (Liang et al., 2007; Wiehle et al., 2007). Collectively, these data 

indicate that apigenin is a phytoprogestin that can both activate and antagonize PR, 

depending on concentration and the abundance of endogenous progesterone. Future research 
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should aim to characterize the effects of apigenin in other progesterone-responsive tissues 

and clarify factors that influence its agonist and antagonist activities.

4. Phytoandrogens

In males, testosterone is required for reproductive processes such as sexual behavior and 

sperm production (Borst and Yarrow, 2015; Muller, 2016). Outside the reproductive system, 

testosterone has important actions such as maintaining muscle mass and bone density of men 

(Borst and Yarrow, 2015; Sinnesael et al., 2011). In women the major circulating androgen is 

dehydroepiandrosterone (DHEA), which has very low affinity for the AR (Chen et al., 

2005). Clinically, DHEA has been shown to increase the success of in vitro fertilization 

(IVF) and lower the rate of miscarriage (Gleicher et al., 2009; Kara et al., 2014); however, 

the mechanism mediating DHEA's effects are unclear (Widstrom and Dillon, 2004).

Testosterone can initiate signaling by binding directly to the androgen receptor (AR), be 

converted the more potent dihydrotestosterone (DHT), or be converted to estrogen. Both 

DHT and the estrogenic products of testosterone have important physiological and 

pathological effects. For example, normal bone health and development of prostate cancer is 

clearly dependent on both DHT and estrogens produced from systemic testosterone (Nelles 

et al., 2011; Sinnesael et al., 2011; Tan et al., 2015). It is clear that any compounds that bind 

to the AR or interfere with testosterone metabolism will have important effects. Food and 

herbal supplements have been shown to increase testosterone concentration and/or increase 

sperm concentrations (Sreedhar Naik et al., 2016; Tahvilzadeh et al., 2016). However, it is 

unclear if these effects are mediated by the AR.

4.1 Identification of Novel Phytoandrogens

Screening 45 molecules in the presence of DHT, Rosenberg et al. (1998) identified 11 

molecules that reduced PSA production in T47D cells, with inhibition ranging from 21-87%. 

Ong and Tan (2007) showed that crude ethanolic extracts from the cortical tissue of 

Eucommia ulmoides displayed androgenic and estrogenic activity based on luciferase assays 

in HeLa cells, and the ethanolic extract competed with DHT for binding to AR. But the 

extract did not have any effect on the PR or GR, indicating receptor specificity. Interestingly, 

the ethanolic extract displayed synergistic activity with testosterone. It approximately 

doubled luciferase activity, even in the presence of saturating concentrations of testosterone. 

In vivo 2,500 and 5,000 μg of testosterone maximally increased prostate weight in rats. The 

ethanolic extract was unable to increase prostate weight over control, but treatment with the 

extract combined with 5,000 μg testosterone increased prostate weight over testosterone 

alone. These results show a clear synergistic interaction between the cortical extract and 

testosterone; however, the mechanism underlying this interaction is unknown.

4.2 Phytoestrogens also Exert Phytoandrogenic Effects

There is increasing evidence that some phytoestrogens, particularly genistein (Figure 1), can 

act as phytoandrogens. Wang et al. (2010) used AutoDock to examine the ability of eight 

xeno- and phytoestrogens to bind to the AR. Interestingly, the phytoestrogens (genistein, 

daidzein, and flavone) were predicted to have high affinity for the androgen receptor, which 
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exhibited affinity energies ranging from -8.3 to -8.5 kcal/mol (compared to −11.2 kcal/mol 

for DHT). Stroheker et al. (2004) used a MMTV/luciferase construct (activated by the AR, 

PR, GR, and MR; Paguio et al., 2010) with MDA-MB-453 cells to screen for compounds 

acting as phytoandrogens. In their study, genistein (10 μM) increased luciferase activity to 

244% of control, and apigenin (10 μM) increased activity to 174% of control compared to 

DHT (0.4 nM) which increased activity to 819% of control (Stroheker et al., 2004). When 

tested in the presence of DHT, genistein, apigenin, and kaempferol all acted as antagonists. 

Concentrations of the three compounds between 1-100 nM decreased activity. Interestingly, 

all three compounds displayed a biphasic antagonist activity, as concentrations higher than 

100 nM had the same activity as control (Stroheker et al., 2004). Pihlajamaa (2011) 

generated a transgenic mouse model in which luciferase is under the control of the Spl 
promoter, as Spl expression is exclusively controlled by the AR (Adler et al., 1993). In 

castrated male mice genistein increased luciferase activity in prostate and brain, two 

androgen response tissues. Genistein decreased luciferase activity in those same two tissues 

in intact mice, indicating genistein is a mixed agonist/antagonist for the AR. Finally, 

genistein had no effect in skeletal muscle and lungs, suggesting tissue specific AR activity 

(Pihlajamaa et al., 2011). The results suggest that biological effects of genistein may come 

from interactions with the AR as well as the ER.

In agreement with genistein being a phytoandrogen (with antagonist effects), there is 

evidence that genistein is protective against prostate cancer, which is well known to be 

androgen sensitive. For example, 100 and 250 mg/kg of genistein in the diet dramatically 

reduced metastasis of PC3-M cells in mice without affecting tumor volume (Lakshman et 

al., 2008). It is well established that men in Asian countries consume more soy products and 

have a lower risk of prostate cancer (Chen et al., 2014). A study of Japanese men in Los 

Angeles county found the risk of prostate cancer in immigrants increased to the levels of 

American born men, suggesting an environmental cause (Shimizu et al., 1991). A meta-

analysis of soy consumption in humans found that soy consumption was associated with a 

26% reduction in risk for prostate cancer (Yan and Spitznagel, 2009). These data indicate 

that genistein-containing foods are likely protective against prostate cancer. This effect could 

be due to genistein inhibiting androgen signaling; however, it should be noted that increasing 

evidence shows that prostate cancer is also dependent on estradiol and its metabolites 

(Nelles et al., 2011). Therefore, it is also possible that the protective effects of genistein are 

due to altered estradiol metabolism or likely a combination of altered estradiol and androgen 

signaling. Future research on genistein should consider both mechanisms of action.

5. Phytocorticoids

The adrenal gland produces three classes of steroids – androgens, glucocorticoids and 

mineralocorticoids (Stocco and Clark, 1996). The androgen DHEA is a weak agonist for the 

AR with controversial effects in normal physiology (see section 4. Phytoadrogens; 

Rutkowski et al., 2014). Cortisol, the primary glucocorticoid, is produced by the zona 

fasciculata of the adrenal gland in response to stress. The primary effects of cortisol are to 

increase serum glucose concentrations (through gluconeogenesis) and suppress immune 

function. A useful, albeit simplified view of glucocorticoid action is that the beneficial 

effects (principally immune suppression) are due to reduced expression of genes associated 
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with the immune response (termed transrepressive effects). However, continued 

glucocorticoid usage results in a sustained increase in glucose concentrations and bone 

reabsorption, limiting the usefulness of glucocorticoids clinically. In general, these negative 

side effects are due to increased expression of genes involved in gluconeogenesis and bone 

metabolism (termed transactive). Hence, there is a need to develop selective glucocorticoid 

receptor modulators (SEGRMs) with only transrepressive effects (Schäcke et al., 2005; 

Sundahl et al., 2015).

The primary mineralocorticoid is aldosterone, which is produced by the zona glomerulosa of 

the adrenal cortex. Aldosterone activates the mineralocorticoid receptor (MR) in the nephron 

of the kidney, triggering the conservation of sodium ions and the excretion of potassium 

ions. Interestingly, cortisol has high affinity for the MR (Krozowski and Funder, 1983), and 

11-β-hydroxysteroid dehydrogenase (11βHSD, which inactivates cortisol) is required to 

keep cortisol levels low enough in the kidney as to not activate the MR (Diederich et al., 

2000; Edwards et al., 1988; Funder et al., 1988).

5.1 Ginseng Contains Phytocorticoids

Ginseng has been used as an herbal medicine for thousands of years. In fact, the genus name 

Panax means “cure all” in Greek (Yun, 2001). While ginseng contains many bioactive 

molecules (Choi, 2008), much research has focused on ginsenosides, which are found in 

trace amounts in ginseng. Ginsenoside Rf (Figure 1) has been shown bind to and activate the 

GR. Early evidence came from a study showing that ginsenoside Rf competed with 

corticosterone for binding sites in rat hippocampus tissue (Kloet et al., 1987). In cultured 

hepatocytes, ginsenoside Rf increased transcription of tyrosine aminotransferase, an effect 

blocked by RU486 (Kang et al., 1994). Ginsenoside Rf also binds to and activates 

glucocorticoid receptors (GR), though with an affinity 100-fold lower than dexamethasone 

(Lee et al., 1997). Kropotov et al. (2002) found that a liquid extract from Siberian ginseng 

reduced urinary excretion of calcium and phosphorous and blocked the weakening of 

vertebrae seen in a steroid-induced osteoporosis model.

Ginsenoside Rg1 may also be a glucocorticoid. Ginsenoside Rg1 binds to the GR with an 

IC50 of 128 nM, approximately 10-fold higher than that of dexamethasone. Computer 

modeling indicated that ginsenoside Rg1 bound in the ligand-binding domain (LBD) of GR 

(Leung et al., 2006). Functionally, ginsenoside Rg1 increased phosphorylation of GR, 

phosphorylation of AKT, and increased production of nitric oxide (NO) in HUVEC cells, 

effects all blocked by RU486 (Leung et al., 2006). Du et al. (2011) found that ginsenoside 

Rg1 blocked LPS stimulated cytokine production and decreased NF-κB activity in 

RAW264.7 cells and a siRNA for GR inhibited these effects. Ginsenoside Rg1 did not 

interfere with proliferation or differentiation of osteoblasts. Confirming these observations in 
vivo, ginsenoside Rg1 and dexamethasone both reduced inflammation, but only 

dexamethasone increased plasma glucose concentration and caused osteoporosis (Du et al., 

2011). Thus, ginsenoside Rg1 is a potential SGRM that warrants further investigation.
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5.2 Compound A is a Selective Glucocorticoid Receptor Modulator

In 1961, there was a report of Karakul sheep in Namibia that grazed on plants from the 

genus Salsola experienced prolonged gestations; these incidences were later determined to 

be due to the shrub Salsola tuberculatiformis Botschantzev (previously called Salsola 
tuberculata) (Basson et al., 1969; De Lange, 1961). Initial investigations found that active 

component(s) also extended the estrous cycle of rats and inhibited adrenal steroidogenesis 

(Swart et al., 1993; Van der Merwe et al., 1976). Using bioassay guided fractionation, the 

active compound was eventually determined to be an unstable aziridine compound which 

was stabilized in vivo through interactions with serum proteins (Louw et al., 1997). In 

addition, the investigators synthesized a more stable aziridine analog that they named 

“compound A” (4-[1-Chloro-2-(methylamino)ethyl]phenyl acetate hydrochloride (1:1)) 

(Figure 1; Lesovaya et al., 2015; Swart et al., 2003, 1993).

Compound A displayed in vitro activities consistent with being a promising SEGRM. It had 

impressive affinity for the GR (EC50 values: 25.9 nM for compound A and 6.4 nM for 

dexamethasone); however, compound A did not exhibit significant GR activity via reporter 

assays using p(GRE)2-50-luc or pMMTV-luc constructs. It was able to block dexamethasone 

activity. Similarly, compound A did not induce expression of the GR responsive genes in 

A549 or BWTG3 cells, but it did decrease expression of basal and TNF-induced IL-6 

protein levels in TC10 cells, and reduced expression of NF-κB drive genes (De Bosscher et 

al., 2005). On a more global scale, compound A only increased the expression of 11% of 

genes that were increased by dexamathsone. In contrast, compound A decreased the 

expression of 66% of genes decreased by dexamethasone. Theses results suggest that 

compound A had transrepressive effects typical of glucocorticoids, but that it lacked many of 

the transactive effects (De Bosscher et al., 2014). Compound A also exhibited a weak 

affinity for the androgen receptor, but it did not compete with mibolerone (a synthetic 

androgen) for AR binding (Tanner et al., 2003). Instead, compound A blocked the ligand-

stimulated interaction between the NH2- and terminal domain and LBD of AR, which is 

known to be required for AR activity (Doesburg et al., 1997). Compound A did not bind to 

the PR or ER (De Bosscher et al., 2005; Tanner et al., 2003).

Compound A has been shown to slow the onset of symptoms in numerous in vivo models of 

inflammatory-related diseases such as induced arthritis and experimental autoimmune 

encephalomyelitis (Rauner et al., 2013; van Loo et al., 2010). It is well know that prostate 

cancer is extremely androgen sensitive (Tan et al., 2015), and accumulating evidence 

suggests that glucocorticoid also play a role in this disease (Smith et al., 1985; Yemelyanov 

et al., 2007). Therefore, compound A may be of interest in prostate cancer treatment due to 

its transrepressive effects. Compound A reduced the proliferation and induced apoptosis of 

prostate cancer cell lines DU145 and PC3 in vitro, in a GR-dependent manner (Yemelyanov 

et al., 2008). Additionally, compound A slowed growth of PC3 and Granta-519 xenografts in 
vivo (Lesovaya et al., 2015) making it a promising therapeutic lead based on a phytosteroid 

(Lesovaya et al., 2015).
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5.3 Glycyrrhetic Acid Exhibits Mineralocorticoid-Like Effects

There are numerous case studies in the scientific literature of people consuming large 

amounts of licorice-containing foods (usually Glycyrrhiza glabra; Omar et al., 2012) and 

developing hypokalemia and hypertension, similar to patients with mineralocorticoid excess. 

Typically, the patient is advised to reduce their licorice intake and symptoms dissipate within 

days to weeks (Blachley and Knochel, 1980; Card et al., 1953; Epstein et al., 1977). In fact, 

many patients with adrenal insufficiency (i.e. Addision's disease) have been successfully 

treated (sometimes self treated) with licorice or licorice extracts (Cotterill and Cunliffe, 

1973; Methlie et al., 2011).

Initially, many investigators stated that symptoms from licorice overconsumption was due to 

glycyrrhetinic acid and glycyrrhizic acid (major components of licorice; Figure 1) activating 

the MR (Ulmann et al., 1975). Armanini et al. (1983) found that both glycyrrhetinic and 

glycyrrhizic acid bound to the GR and MR but not the PR and AR, supporting the idea that 

these compounds contributed to pseudo-hyperaldosteronism by activation of the MR. 

However, the affinity of glycyrrhetinic acid and glycyrrhizic acid for the MR and GR was 

four to five orders of magnitude lower than that of aldosterone and dexamethasone, 

respectively (Armanini et al., 1983). Further supporting that glycyrrhetinic acid can directly 

activate the MR, albeit weakly, a study on cultured mononuclear leukocytes showed that 

both aldosterone and glycyrrhetinic acid increased expression of p22phox and PAI-1 (markers 

of oxidative stress), and the effect of both compounds was blocked by canrenone, an MR 

antagonist. Notably, 3,000-fold more glycyrrhetinic acid was required to achieve the same 

effect as aldosterone (Calò et al., 2004). Finally, neither ammoniated glycyrrhizin, nor 

licorice, was able to induce mineralocorticoid-like effects in adrenalized rats (Girerd et al., 

1960), further indicating that direct activation of the MR by glycyrrhetinic acid is not 

responsible for the observed pseudo-hyperaldosteronism.

Glycyrrhetinic acid inhibits renal 11βHSD, resulting in higher local concentrations of 

cortisol, which activates the MR and induces pseudohyperaldosteronism. As evidence, 

Monder et al. (1989) showed that glycyrrhetinic acid inhibited conversion of corticosterone 

to 11-dehydrocorticosterone in a dose-dependent manner, and oral treatment of rats with 

glycyrrhetinic acid increased the urinary cortisol/cortisone ratio, evidencing inhibition of 

11βHSD. In humans, treatment with 500 mg/day of glycyrrhetinic acid for five days resulted 

in a higher cortisol to cortisone ratio in the urine, indicative of 11βHSD inhibition (Ferrari et 

al., 2001). These data suggest that glycyrrhizin is a phytosteroid that weakly binds to both 

the GR and MR, however the relevant biological effect (pseudohyperaldosteronism) is due to 

11βHSD inhibition.

6. Conclusions and Future Directions

Sales of herbal supplements is at an all-time high ($6.9 billion) and continuing to increase 

(Smith et al., 2016). And yet, the active component(s) in many of these supplements is 

unclear. It has been widely demonstrated that molecules from botanicals can interact with 

the PR, AR, MR, and GR (i.e. non-estrogen phytosteroids). In some cases, chemically 

undefined fractions have been shown to modify steroid signaling, but more often specific 

compounds were shown to bind steroid receptors. The biological actions of these 
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compounds range from very well characterized (e.g. compound A; Lesovaya et al., 2015) to 

poorly characterized (e.g. the phytoprogestin apigenin; Rosenberg et al., 1998; Toh et al., 

2012). One aspect complicating our understanding of these supplements toward human 

health is that many plants contain multiple phytosteroids (e.g. red clover; Burdette et al., 

2002; Toh et al., 2012), contain phytosteroids that interact with multiple steroid receptors 

(e.g. genistein; Pihlajamaa et al., 2011), or contain phytosteroids that also interfere steroid 

metabolism, resulting in altered local steroid concentrations (e.g. glycyrrhizinic acid; Ramli 

et al., 2012). Future research is needed to identify novel phytosteroids, determine the 

biological effects of known phytosteroids, and characterize interactions between 

phytosteroids that are frequently consumed together. These issues need to be considered in 

future research in order to ensure the safe and effective use of herbal supplements.
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Highlights

• Botanicals contain phytosteroids that bind non-estrogen steroid receptors.

• Kaempferol, apigenin, and genistein bind progesterone and androgen 

receptors.

• Ginsenoside Rf and glycyrrhetinic acid interact with corticoid receptors.

• Compound A is a novel selective glucocorticoid, based on a phytosteroid.

• Characterization of phytosteroids will help elucidate their safe and effective 

use.
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Figure 1. 
Structure of the major endogenous steroid in each class, the phytosteroid(s) best supported 

by scientific literature, and compound A (4-[1-Chloro-2-(methylamino)ethyl]phenyl acetate 

hydrochloride (1:1)) a synthetic compound based on a phytosteroid.
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