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Abstract. Although plants have long been known to have Important pharmacological 
effects in humans, the mechanism by which plant-derived compounds act in humans 
is still being elucidated. Two Important pathways for the biological actions of plant- 
derived compounds involve binding either to hormone receptors or to enzymes that 
metabolize hormones. What are the origins of this interaction between plant-derived 
compounds and animals? And what insights can we gain from investigating this 
question? Some answers come from recent sequence analyses, revealing that 17fb 
hydroxysteroid dehydrogenase, which regulates estrogen and androgen levels in hu- 
mans, and 15-hydroxyprostaglandin dehydrogenase, which regulates prostaglandin 
E2 and F,, levels in humans, have a common ancestor with proteins in rhizobia that 
are important in forming nitrogen-fixing nodules in legume roots, and 3p- 
hydroxysteroid dehydrogenase, which regulates progestin and androgen levels in 
humans, has a common ancestor with enzymes important in the synthesis of antho- 
cyanins. This evolutionary kinship, when combined with the structural similarities 
between flavonoids, licorice-derived compounds, and steroid hormones, provides an- 
other perspective on the hormone-like activity of flavonoids and other plant-derived 
compounds in humans: some of the hormone-like activity of plant-derived com- 
pounds is due to binding to steroid and prostaglandin dehydrogenases. 
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lants have been used as medicines for thousands 
of years (1-5). In ancient times, the Assyrians, P Babylonians, and Egyptians used various parts 

of plants for treating diseases and ailments. The writ- 
ings of Hippocrates, Theophrastus, Pliney the Elder, 
and Galen, and texts from China and India discuss the 
importance of plants for treating various ailments. 
This information was considered such an important 
cultural resource that it was carefully transmitted from 
generation to generation. A major change in this atti- 
tude occurred in 20th Century, when antibiotics and 
other drugs were discovered and used for treating in- 
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fectious diseases, and the medicinal uses of plants fell 
into disfavor in industrialized countries. The collective 
wisdom of thousands of years of folk medicine was put 
into a category of superstitious information, with mar- 
ginal value, and little scientific validity. 

However, as we prepare to enter the 21st Century, 
a change in the status of folk medicine is occurring as 
pharmaceutical companies, university scientists, and 
agricultural agencies are rediscovering the value of 
plants in medicine. An important impetus for this 
change came from the discovery in Australia that fla- 
vonoids in plants have estrogenic activity in foraging 
animals such as sheep (6,7). Later studies showed that 
plant-derived compounds have hormone-like activity 
in rats @-lo), rabbits ( l l ) ,  tumor cells (12-14) and 
even fish (15). These reports stimulated epidemiolog- 
ical studies to analyze the diet of humans which re- 
vealed that the presence or absence of certain plants in 
the diet influences the incidence of diseases such as 
cancer (1&22), which often require estrogens or an- 
drogens for growth. Other plant-derived compounds 
bind to enzymes that are important in regulating ste- 
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roid hormone (23-29) and prostaglandin (29-34) action 
in humans. The evidence for hormone-like activity of 
plant-derived compounds in these reports from labo- 
ratories throughout the world verifies many of the me- 
dicinal uses of plants reported by Greek and Roman 
writers, giving these early writings ‘‘scientific respect- 
ability. ” 

In this paper, I use an evolutionary approach to 
understand the endocrine actions of plants. This evo- 
lutionary perspective is a thread that connects the ac- 
tion of flavonoids synthesized by soybeans to promote 
the formation of nitrogen-fixing nodules by soil bacte- 
ria (35-39), the synthesis of anthocyanins in flowers 
(40,41), the extract of the licorice root, and the mech- 
anisms that regulate steroid hormone and prostaglan- 
din action in humans (29, 33, 42, 43). With this ap- 
proach, I seek to provide another perspective on 
plants’ hormone-like actions in humans that can be 
useful in preventing and treating diseases in humans. 

Cell-Cell Communication in Humans 
Hormone Receptors. Vertebrates, from fish to 

humans, use hormones as messengers to regulate 
physiological processes in target organs. Hormones 
act by binding to receptor proteins in the target cell, 
which leads to transcriptional regulation of different 
gene products and the desired physiological response. 
Hormones regulate diverse physiological processes 
such as development, reproduction, metabolism, and 
homeostasis. Steroids and prostaglandins, the two 
classes of hormones that will be discussed here, have 
important roles in these processes in humans. 

Dehydrogenases Regulate Steroid Hormone 
and Prostaglandin Action. It is only in the last few 
years that the role of enzymes that metabolize steroids 
and prostaglandins in regulating the actions of these 
hormones has been appreciated. For example, 1 19- 
hydroxysteroid dehydrogenase regulates glucocorti- 
coid action by catalyzing the interconversion of hydro- 
cortisone and cortisone, an inactive steroid (Fig. 1). In 
the liver, an important site for glucocorticoid synthe- 
sis, 1 19-hydroxysteroid dehydrogenase acts as a re- 
ductase to reduce the C11 ketone on cortisone. 

In the kidney the reverse reaction predominates: 
hydrocortisone is oxidized to cortisone, a reaction that 
prevents circulating hydrocortisone from occupying 
kidney mineralocorticoid receptors and regulating 
transcription of mineralocorticoid responsive genes. 
Aldosterone is inert to 11 P-hydroxysteroid dehydro- 
genase and can regulate mineralocorticoid responsive 
genes in the kidney. 

Similar considerations hold for 17g-hydroxy- 
steroid dehydrogenase, which catalyzes the intercon- 
version of estradiol, the biologically active estrogen, 
and estrone, a much weaker estrogen. This enzyme 
also catalyzes the interconversion of testosterone and 
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Figure 1. Metabolism of steroids and prostaglandins by sec- 
alcohol dehydrogenases. 1 1 p-hydroxysteroid dehydrogenase 
catalyzes the interconversion of the active glucocorticoid hydro- 
cortisone and inactive cortisone. 17p-hydroxysteroid dehydro- 
genase catalyzes the interconversion of estradiol and estrone. 
Estrone is a weaker estrogen than estradiol. 15-hydroxy- 
prostaglandin dehydrogenase inactivates prostaglandin E, by 
catalyzing the oxidation of the C15 alcohol to a ketone. 

androstenedione (Fig. 1). Testosterone is a precursor 
of dihydrotestosterone, the active male reproductive 
hormone, and of estrogen. Thus, plant-derived com- 
pounds that inhibit 179-hydroxysteroid dehydroge- 
nase will have important effects on female and male 
reproductive function and development. Another en- 
zyme relevant to this discussion is 15-hydroxy- 
prostaglandin dehydrogenase, which catalyzes the ox- 
idation of C15 alcohol on prostaglandin E2 and F2a, 
which is the mechanism of inactivation of these hor- 
mones (4446). Compounds that inhibit this enzyme 
will have prostaglandin-like activity. 

From the above we can see that expression of en- 
zymes that promote either the synthesis or degrada- 
tion of hormones, such as estrogens, androgens, and 
prostaglandins, is one of the mechanisms for regulat- 
ing these signals’ physiological actions. An important 
consequence of this mechanism for regulating hor- 
mone action is that compounds that inhibit these en- 
zymes appear to be acting as a hormone or an antihor- 



mone. This effect can mistakenly be interpreted as 
meaning that the compound acts by binding to a hor- 
mone receptor. The reality is that they are binding to 
hormone-metabolizing enzymes. 

Cell-Cell Communication in the Rhizosphere 
Chemical Warfare in the Rhizosphere. The 

rhizosphere, the underground, that unseen world usu- 
ally ignored by atmosphere chauvinists, is teaming 
with life: bacteria, fungi, invertebrates, and verte- 
brates live there and interact with each other in a va- 
riety of ways. As with life above ground, life’s major 
activities are consuming other organisms, defending 
against attacks, and claiming territory for growth and 
reproduction. Polyketides, a class of secondary me- 
tabolites, are an important weapon in the arsenal for 
underground warfare (47-49). For example, Strepto- 
myces and other Actinomyces secrete polyketide an- 
tibiotics into the soil that kill other bacteria. Humans 
use these polyketides for controlling bacteria, and this 
is likely to be one role in the soil, although other func- 
tions have been suggested, for antibiotics (29, 50-53). 

Peaceful Coexistence in the Rhizosphere. 
Plants also secrete compounds into the soil to protect 
against insects or bacteria, or fungi, especially after 
wounding (54). One class of secreted compounds,the 
flavonoids, is of special interest (40, 41) because they 
are also used for peaceful activities, as signals to ini- 
tiate a cooperative activity: symbiosis between soil 
bacteria belonging to the Rhizobium family and le- 
gumes (35-39) that leads to formation of nitrogen- 
fixing nodules in the legume root. These nodules fix 
atmospheric nitrogen into ammonia, which is then 
converted into glutamine for use by the plant. As such, 
the symbiosis provides an important selective advan- 
tage for soybeans, peas, beans, and other legumes: 
they can make their own nitrogen fertilizer from the 
atmosphere and grow in nitrogen-deficient soil. 

Due to the economic importance of this process, 
much research has been devoted to characterizing and 
understanding the process of signaling between le- 
gumes and rhizobia that leads to nodule formation in 
roots. In fact, this is one of the best understood inter- 
actions in the rhizosphere (35-39). 

Flavonoids and Nod Factors: Signals for Le- 
gume-Rhizobia Communication. The signals for 
communication between legumes and rhizobia are fla- 
vonoids and nod factors (Fig. 2). A flavonoid, secreted 
by the host plant, acts as a chemoattractant to direct 
the appropriate rhizobium to the plant root. The fla- 
vonoid binds to a specific protein (called NodD) in the 
host rhizobium. This binding increases the affinity of 
this protein for DNA leading to transcription of a 
group of nodulation (nod) genes. These gene products 
are used by the bacterium to synthesize a molecule, 
called a nod factor, that acts on the plant root to fa- 
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Figure 2. Structure of flavonoids and a nod factor. 

cilitate the formation of the nitrogen fixing nodule. 
Thus, the plant synthesizes a flavonoid that induces 
gene transcription in a bacterium, that leads to the 
bacterium synthesizing a signal that acts on the plant 
to promote nodule formation. 

The differences in the NodD proteins in different 
rhizobia provide specificity for the flavonoids. Inter- 
estingly, some flavonoids inhibit nodulation by rhizo- 
bia, acting as antinodulation signals. This “under- 
ground chemical warfare” prevents rhizobia from nod- 
ulating competing plants. 

Similarities to Steroid Hormone Action in Hu- 
mans. The legume-rhizobium signaling process has 
many properties that resemble steroid hormone action 
in humans. Steroid hormones bind to receptor proteins 
in target cells, which increases the receptor’s affinity 
for DNA and leads to the regulation of gene transcrip- 
tion in the target cell. Steroids bind to specific receptor 
proteins to exert their biological effects; estrogens do 
not bind to progesterone receptors and vice versa. 
However, in some instances a receptor will bind more 
than one class of steroids. For example, progesterone 
and hydrocortisone have good affinity for mineralo- 
corticoid receptor. Indeed, hydrocortisone occupancy 
of the mineralocorticoid leads to a strong response, 
similar to that found for the natural mineralocorticoid, 
aldosterone. On the other hand, progesterone occu- 
pancy of mineralocorticoid receptor leads to an inac- 
tive receptor. In this case, progesterone is acting as an 
antihormone, which is similar to the antinodulating ac- 
tivity of some flavonoids. Antagonistic steroids are of 
great interest for regulating endocrine-related dis- 
eases. For example, tamoxifen, a compound that binds 
to estrogen receptor, but does not have estrogenic ac- 
tivity has much promise for regulating estrogen- 
dependent tumors. 

St r u ct u ral S i m i la r i t ies Between FI avo no ids and 
Estrogens and Androgens. The discoverers of the 
estrogenic activity of flavonoids in sheep noticed that 
flavonoids had some structural similarity to estrogens 
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(Fig. 1 and 2). Indeed, the similarities are striking and 
consistent with findings that some estrogen receptors 
(1 1-13) and type I1 binding sites (8), which recognize 
estrogens, bind flavonoids with high affinity. The type 
I1 binding site may be an eosinophil peroxidase ( 5 9 ,  
which case, the flavonoid’s physiological activity is 
due to binding to an enzyme that is stimulated by 17P- 
estradiol. This notion, that steroids may bind with high 
affinity to enzymes, has received important experi- 
mental support from the recent cloning and sequencing 
of a Candida albicans protein that binds glucocorti- 
coids with nM affinity, which indicates that this pro- 
tein is an enzyme (56). This is of interest because, as 
described in the next section, plants and soil bacteria 
that are important in plant ecology contain enzymes 
that have sequence similarities to steroid and prosta- 
glandin dehydrogenases. Together, this suggests that 
some hormone-like effects in humans of plant-derived 
compounds are due to their binding to enzymes that 
metabolize steroids and prostaglandins (29,33,42,43). 

Evolutionary Connections Between Rhizobia 
Proteins and Steroid and 
Prostaglandin Dehydrogenases 

Amino Acid Sequence Similarities. Several 
years ago, we made the surprising discovery that the 
amino acid sequence of R .  meliloti NodG was similar 
to human 17p-hydroxysteroid dehydrogenase (29,57), 
the enzyme that metabolizes estrogens and androgens 
in humans (Fig. 1). Analysis of the sequences of these 
two proteins indicated that the probability of this sim- 
ilarity occurring by chance was less than This 
indicated that the proteins are homologs; that is, they 
are derived from a common ancestor. Later we found 
that Bradyrhizobium japonicum FixR protein is also 
homologous to 17P-hydroxysteroid dehydrogenase 
(50). All of these proteins are homologous to the ani- 
mal 1 1 p-hydroxysteroid dehydrogenase, 20P-hydroxy- 
steroid dehydrogenase and 15-hydroxyprostaglandin 
dehydrogenase (58-61), as well as to a plant reductase 
which catalyzes a key step in chlorophyll synthesis 
(58) and a dehydrogenase which may regulate the ac- 
tion of a plant hormone (62). Furthermore, these pro- 
teins have a common ancestor with p-ketoreductases 
which are part of the enzyme complex for synthesizing 
polyketide antibiotics in soil bacteria (29, 33, 47, 50). 
Thus, this family goes back at least 2 billion years to 
the time when eukaryotes and prokaryotes diverged 
from a common ancestor. 

Steroids Bind to Proteins in Yeast and Bacte- 
ria. In some instances, an animal hormone binds to a 
bacterial or fungal enzyme homolog despite the phy- 
logenetic distance between these organisms. For ex- 
ample, Streptomyces hydrogenans 20P-hydroxy- 
steroid dehydrogenase, a bacterial homolog of human 
1 1 P-hydroxysteroid dehydrogenase, metabolizes the 

C20 group on progesterone and cortisone, evidence 
that an animal hormone can bind specifically to a bac- 
terial dehydrogenase that has some sequence similar- 
ity to animal dehydrogenases. Recently, Adamski’s 
laboratory has sequenced a 17P-estradiol dehydroge- 
nase (63) that has very strong sequence similarity to 
the trifunctional enzyme in Candida tropicalis (64). 
The similarity is strong enough to suggest that the fun- 
gal enzyme could recognize estradiol or another ste- 
roid and, in fact, could be one of the steroid binding 
proteins found in fungi (56, 65-68). This could explain 
the action of steroids in fungi, which is of medical 
interest due to the increasing prevalence of fungal in- 
fections. 

The evidence that animal hormones bind to bac- 
teria and fungal enzymes raises the following question: 
is the converse true for compounds that bind bacterial 
and plant dehydrogenases that have sequence similar- 
ity to animal dehydrogenases? That is, do hormone 
dehydrogenases in humans have a physiologically sig- 
nificant affinity for compounds synthesized by plants 
and bacteria? As mentioned above, flavonoids have 
similarities in structure to some steroids. Do fla- 
vonoids also interact with steroid dehydrogenases? In 
the next section, we discuss plant derived compounds 
with steroid-like structures that are found in the ex- 
tract from the root of the legume Glycyrrhiza glabra. 
These compounds have important physiological ef- 
fects in humans due to interaction with steroid and 
prostaglandin dehydrogenases. 

Plant-Derived Compounds Have Hormone-like 
Activity in Humans 

Licorice and King Tut. Licorice is an extract of 
the roots of Glycyrrhiza glabra, a legume that is widely 
distributed throughout the Mediterranean and Orient. 
Over 2000 years ago, licorice was used as an herbal for 
quenching thirst and promoting healing of ulcers (14) .  
Licorice root was considered to be so significant that it 
was placed in King Tutankamen’s tomb. As valuable 
as licorice was for the ancients, in the 20th century 
licorice’s principal use has been as a flavoring agent; 
for the most part, its medicinal properties have been 
ignored. 

Licorice and Addison’s Disease. It was only re- 
cently that the compounds in licorice that are impor- 
tant in some of its healing activities were isolated. The 
compound with steroid like activity is glycyrrhizic acid 
(Fig. 3), which is metabolize by intestinal bacteria to 
its aglycone glycyrrhetinic acid, the biologically active 
species. Comparison of glycyrrhizic and glycyrhetinic 
acid with the steroid structures in Figure 1 reveals that 
these triterpenoids have some structural resemblance 
to steroids. We owe our present interest and under- 
standing of licorice’s medicinal properties to the pio- 
neering efforts of Reevers (68) and Dr. S. Gottfried at 
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Figure 3. Structure of licorice-derived compounds. 

Biorex (69), who were interested in herbal medicine. 
Reevers found that an herbal extract that contained 
licorice helped people with Addison’s disease, which 
is caused by a glucocorticoid deficiency. Later studies 
showed that licorice acts by inhibiting 1 1 P-hydroxy- 
steroid dehydrogenase, which increases glucocorti- 
coid levels (23). 

Licorice and Healing of Ulcers. Dr. S. Got- 
tfried’s interest in herbal medicine led him to read 
about licorice’s use for treating ulcers and wounds in a 
botanical book, Historia Botanica Practica, published 
in 1774 (69). As a result, Dr. Gottfried initiated a pro- 
gram at Biorex that led to isolation of glycyrrhetinic 
acid, which has anti-inflammatory activity, mineralo- 
corticoid-like activity and antiulcer activity (70-74). 
Because glycyrrhetinic acid is not very soluble in wa- 
ter, Dr. Gottfried’s team at Biorex collaborated with 
Professor E. E. Turner at Bedford College, University 
of London, to synthesize soluble analogs of glycyrrhe- 
tinic acid with substituents at C3 (71). One of these 
analogs, carbenoxolone, (Fig. 3) is used as an antiulcer 
agent in Great Britain, under its commercial name of 
Biogastrone (71-73). We now know that licorice inhib- 
its 15-hydroxyprostaglandin dehydrogenase , which in- 
creases prostaglandin levels, promoting the healing of 
ulcers (34, 71-73). 

Mineralocorticoid-like Activity of Licorice: Its 
Military Application by Alexander the Great. Inter- 
estingly, the main side effect of carbenoxolone is so- 
dium retention. Carbenoxolone and licorice extract 
seem to act like aldosterone, the steroid hormone that 
promotes retention of sodium in the kidney (74). We 
now know that this is due to glycyrrhetinic acid and 
carbenoxolone inhibiting 1 1 P-hydroxysteroid dehy- 
drogenase in the kidney, raising the local glucocorti- 
coid levels, which leads to a mineralocorticoid like 
effect: sodium retention, which in turn promotes water 

retention. This provides a scientific explanation for the 
thirst-quenching effects of licorice reported over 2000 
years ago. Indeed, Alexander the Great’s troops used 
licorice root for this purpose. They could travel long 
distances without water, which enabled them to move 
over inhospitable terrain. This is an early example of 
the use of medical knowledge for military purposes. 

Licorice Inhibits Streptomyces Hydrogenans 
20p-Hydroxysteroid Dehydrogenase. Streptomyces 
hydrogenans 20P-hydroxysteroid dehydrogenase has 
strong sequence similarity to 15-hydroxyprostaglandin 
dehydrogenase and 1 1 P-hydroxysteroid dehydroge- 
nase, both of which are inhibited by licorice-derived 
compounds. This suggested determining if licorice in- 
hibited S. hydrogenans 20P-hydroxysteroid dehydro- 
genase. Indeed, Ghosh et al. found that glycyrrhizic 
acid and carbenoxolone inhibit this enzyme. Both 
compounds have p M  affinity for 20P-hydroxysteroid 
dehydrogenase (75). Thus, enzymes that have sepa- 
rated about 2 billion years from a common ancestor 
and retain sequence similarity also retain the determi- 
nants for recognizing glycyrrhizic acid. 

Life in the Sun 
Flower Colors, Steroid Hormone Action in Hu- 

mans, and Pox Viruses. Flavonoids are precursors 
of anthocyanins, pigments of flowers. Conversion of a 
flavanone to a leuco-anthocyanidin requires sequential 
modification by flavoanone 3P-hydroxylase an dihy- 
droflavonol4-reductase. Sequence analyses show that 
plant dihydroflavonol 4-reductases share a common 
ancestor with human 3P-hydroxysteroid dehydroge- 
nase, an enzyme that converts pregnenolone to pro- 
gesterone (76, 77). The reactions catalyzed by these 
enzymes are shown in Figure 4. Note the similarities in 

HO‘ 
Pregnenolone Progesterone 

Reaction Catalyzed by Mammalian 3P-hy droxysteroid Dehydrogenase 

(+)-dihydroquercetin 3,4-cis-leucocyanidin 

Reaction Catalyzed by Plant Dihydroflavonol Reductase 
Figure 4. Reactions catalyzed by human 3P-hydroxysteroid de- 
hydrogenase and plant dihydroflavonol reductase. 
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structure of the substrates for the plant and animal 
enzymes. 

Progesterone is a precursor for the steroids shown 
in Figure 1. Thus, a compound that inhibits 3p- 
hydroxysteroid dehydrogenase would have important 
endocrine effects in humans and other vertebrates. In- 
terestingly, plant extracts that inhibit progesterone 
synthesis were used in ancient times as contraceptives 
(5). 

Other analyses show that vaccinia virus, a relative 
of the small pox virus, contains a gene that is homol- 
ogous to plant dihydroflavonol reductase, as does a 
cholesterol metabolizing enzyme in Nocardia, a soil 
bacterium, and E. coli UDP-galactose-4-epimerase . 
The vaccinia virus gene has 3p-hydroxysteroid dehy- 
drogenase activity (78). If compounds that bind to di- 
hydroflavonol reductase bind to human 3 p-hydroxy- 
steroid dehydrogenase or E. coli UDP-galactose-4- 
epimerase or one of its homologs (77), this would have 
profound endocrine effects on humans. 

Summary 

The binding of plant-derived compounds to estro- 
gen receptors and its effect on estrogen responsive 
genes was established many years ago. Here we pre- 
sented a model for another site of action of plant- 
derived compounds based on sequence homologies be- 
tween enzymes in plants and bacteria and steroid and 
prostaglandin dehydrogenases. We propose that some 
of the hormone-like activity of plant-derived com- 
pounds is due to binding to animal dehydrogenases. 
This clearly is the case for licorice-derived compounds 
and may also be true for flavonoids. 
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