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A B S T R A C T

A new concept is emerging in biomedical sciences: the gut microbiota is a virtual ‘organ’ with endocrine
function. Here, we explore the literature pertaining to the role of gut microbial metabolism of endogenous
adrenocorticosteroids as a contributing factor in the etiology of essential hypertension. A body of literature
demonstrates that bacterial products of glucocorticoid metabolism are absorbed into the portal circulation, and
pass through the kidney before excretion into urine. Apparent mineralocorticoid excess (AME) syndrome pa-
tients were found to have congenital mutations resulting in non-functional renal 11β-hydroxysteroid dehy-
drogenase-2 (11β-HSD2) and severe hypertension often lethal in childhood. 11β-HSD2 acts as a “guardian”
enzyme protecting the mineralocorticoid receptor from excess cortisol, preventing sodium and water retention in
the normotensive state. Licorice root, whose active ingredient, glycerrhetinic acid (GA), inhibits renal 11β-
HSD2, and thereby causes hypertension in some individuals. Bacterially derived glucocorticoid metabolites may
cause hypertension in some patients by a similar mechanism. Parallel observations in gut microbiology coupled
with screening of endogenous steroids as inhibitors of 11β-HSD2 have implicated particular gut bacteria in
essential hypertension through the production of glycerrhetinic acid-like factors (GALFs). A protective role of
GALFs produced by gut bacteria in the etiology of colorectal cancer is also explored.

1. Introduction

Roughly 70 million Americans are afflicted with hypertension (1 of
every 3 adults), a major contributor to the number one cause of death-
cardiovascular disease [1,2]. Hypertension is viewed as a modifiable
risk factor for cardiovascular disease, and the gut microbiome appears
to play an important role in the etiology of hypertension. Indeed, sev-
eral studies demonstrate structural and functional changes in the gut
microbiome [3–5], causally associated with hypertension, as evidenced
by phenotypic transfer of hypertension via stool from donor to recipient
[6]. Studies have also shown that antibiotic treatment attenuates ex-
perimental hypertension although the mechanisms by which gut bac-
teria cause hypertension are unknown [7,8]. Similar phenotypic
transfer of hypertension has been observed when stool from hyperten-
sive human donors is transplanted into germ-free mice [9]. A major
question remains what are the mechanisms by which gut microbiota
affect host blood pressure? Steroid metabolism by gut bacteria has been
understudied and a body of literature suggests a potential mechanism

developed over the past fifteen to twenty years, known as “The GALF
Hypothesis” which will be described in what follows.

Genetic defect in or inhibition of a renal isoform of the enzyme 11β-
hydroxysteroid dehydrogenase-2 (11β-HSD2) causes a severe form of
hypertension [10]. Cortisol and aldosterone bind the mineralocorticoid
receptor (MR) in the nephron with equal affinity, the occupation of
which causes sodium and water retention, and thus elevated blood
pressure. Circulating cortisol concentration is 100–1000 times greater
than aldosterone. Consequently, the enzyme 11β-HSD2 acts as a
“guardian”, protecting MR from cortisol by converting it to cortisone,
which has low affinity for MR [11,12]. Studies of gut bacterial steroid
metabolism [13,14] coupled with studies on endogenous 11β-HSD2-
inhibitors of adrenal origin [15–17] suggest a novel and unexplored
mechanism by which gut bacterial metabolites increase blood pressure.
The 11β-HSD1 isoform in vascular smooth muscle (VSM) and en-
dothelium also plays a role in regulation of blood pressure (BP) [18].
11β-HSD2 is present in vascular endothelial cells [18] and has also been
suggested to be functional in MR regulatory processes in VSM [19].
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Here, we explore the available evidence linking gut microbial meta-
bolism of host glucocorticoids with essential hypertension and make
suggestions for future research.

2. The gut microbiome and hypertension

The gut microbiota are now recognized to play an important role in
cardiovascular disease [3]. For instance, the production of trimethyla-
mine-N-oxide (TMAO) in the liver, due to bacterial production of tri-
methylamine from dietary choline and l-carnitine, is a risk factor for
atherosclerosis [20]. Fecal transplant of atherosclerosis-prone high
TMAO-producing mice into Ape−/− low TMAO-producing mice re-
sulted in increased atherosclerotic plaque formation implicating gut
microbial metabolism of dietary components in atherosclerotic risk
[21]. Studies have suggested a role for short chain fatty acids (SCFA)
such as lactate in the regulation of blood pressure through binding to
renal olfactory receptors and G-coupled protein receptor [22,23]. A
recent, intriguing and unexpected observation was made in a rat model
of salt-sensitive (S) vs. salt-resistance (R) hypertension that transfer of R
cecal content to S rats resulted in significant, lifelong increase in sys-
tolic blood pressure [6]. Phenotypic transfer from hypertensive humans
to mice was also recently reported, including detailed metagenomics
and metabolomics analysis, although the mechanistic basis remains to
be elucidated [9].

Phenotypic transfer of hypertension was recently reported in a rat
model of obstructive sleep apnea by cecal transplant from hypertensive
to normotensive rats [24]. The hypertensive state in this model was
accompanied by significant increase in the family Coriobacteriaceae
and decrease in the genus Eubacterium. However, the link between
hypertension and gut microbiota remains obscure; the authors note
lactate production by Coriobacteriaceae could affect renal olfactory
receptors [24]. However, there are other attributes of particular strains
of a species within the family Coriobacteriaceae that we will develop as
an alternative hypothesis.

In a recent study, a notable observation was made suggesting that
the transfer of hypertension was ablated by treatment with ampicillin
and neomycin, suggesting a link between hypertension and the gut
microbiota [24]. Other important studies by Honour et al. had pre-
viously demonstrated significant decrease in blood pressure during
antibiotic treatment [4,7,25]. At this time, it needs to be pointed out
that these links imply a correlation and not necessarily causation be-
tween gut microbes and hypertension in these animal models. The role
of gut microbiota in experimental hypertension in rats induced by
prolonged adrenal stimulation by adrenocorticotrophic hormone (AC-
TH) has been examined by measuring blood pressure response to cor-
ticosterone challenge in the presence or absence of oral antibiotic
treatment [7]. Corticosterone treatment significantly increases systolic
blood pressure, which is ablated by neomycin treatment [7]. Case re-
ports have shown a link between reduction of resistant hypertension,
that is, uncontrolled hypertension (blood pressure ≥140/90 mmHG on
≥3 antihypertensive drugs of different classes) and antibiotic treatment
[26], possibly through immunomodulatory or other mechanisms. Si-
milar studies with stroke prone spontaneously hypertensive rats
(spSHR) also demonstrated a significant lowering of blood pressure
following neomycin treatment [25].

It is probable that several mechanisms operate and contribute to the
elevated BP under distinct subsets of essential hypertensive patients.
Gut bacteria influence cardiovascular health, particularly through
chronic low-grade inflammation, and gut microbiome composition is
affected by physical activity, obesity, alcohol intake, and smoking, all of
which are factors determining risk of hypertension [5,27].

3. Human glucocorticoids, cortisol and corticosterone

Corticosterone was the first steroid hormone isolated from adrenal
gland extracts in 1937 [28–30], followed by deoxycorticosterone

(DOC), the steroid precursor of corticosterone [31]. Early studies
[32,33] showed that corticosterone caused a significant sodium reten-
tion and potassium secretion in Addisonian patients and possessed
better life-sustaining properties than DOC in these same patients [33].
The identification of cortisone and the discovery that cortisol was the
major glucocorticoid in humans was soon established [34,35].

Humans and many other higher mammalian species including
monkeys, dog, sheep, cat, guinea pig, cattle, as well as certain fish;
trout, sockeye salmon, herring, secrete both cortisol and corticosterone
[36]. Corticosterone is synthesized at a rate approximately 1/10th that
of cortisol [37,38]. Rodents lack adrenal 17α-hydroxylase (CYP17A)
and only secrete corticosterone [37,38]. The adrenal secretion of both
cortisol and corticosterone in humans, higher mammals, and other
species suggests that the combination of two glucocorticoids may pro-
vide some evolutionary advantage(s) [39].

4. Metabolism of glucocorticoids by the host and isoforms of
mammalian 11-hydroxysteroid dehydrogenase

Both cortisol and corticosterone can both be metabolized to their
5α- and 5β- Ring A- and C20α- and 20β-reduced derivatives by host
enzymes [35,38,40]. In addition, the side-chain of cortisol can be
cleaved by the enzyme 17α-hydroxylase/17,20-lyase (CYP17A) in
peripheral tissues and possibly the adrenal to produce 11β-hydroxy-
androstenedione or oxidized in the liver to corticoic acid metabolites
[40–43]. Corticosterone in humans is metabolized in the liver princi-
pally to (allo)-3α,5α- but also to 3α,5β-tetrahydro(TH)-Ring A reduced
metabolites before secretion into bile [35,37,39].

Two isoforms of the enzyme 11β-hydroxysteroid dehydrogenase
(11β-HSD2 and 1) are expressed in a variety of mineralocorticoid and
glucocorticoid target tissues [44–51], where they interconvert active
endogenous glucocorticoids (cortisol and corticosterone) to their re-
spective 11-dehydro derivatives (cortisone and 11-dehy-
drocorticosterone) (Fig. 1). 11β-HSD1 functions as a bi-directional en-
zyme able to inactivate or re-activate endogenous glucocorticoids
[44,46]. The reductase mode is favored in many tissues including liver,
lung, etc. [48] but in other tissues, including vascular tissue, kidney
proximal tubules, brain, and Leydig cells, 11β-HSD1 either operates as
dehydrogenase or is truly bi-directional [49,52,53]. Recently this de-
hydrogenase activity has also been confirmed in vivo in human adipose
tissue [54]. It appears most likely that the local redox-potential and
local supply of substrates and co-factors regulate directionality of this
isoform [50,51,55]. The 11-dehydro metabolites are generally con-
sidered to be biologically inert since they do not directly activate either
glucocorticoid receptor (GR) or MR and induce a primary biologic ef-
fect. However, these metabolites have been proposed to serve a biolo-
gical purpose; they can directly suppress the MR mediated actions of
aldosterone; by an as yet, incompletely understood mechanism
[56–58]. Glucocorticoids are known to amplify the vasoconstriction
effects of both catecholamines and Angiotensin II in vascular tissue.
These vasoconstriction effects are further enhanced by inhibitors of
both 11β-HSD2 and 11β-HSD1 [18,49]. Thus, the GALF inhibitory
substances (see below) generated by adrenal steroids including those
from intestinal bacteria may well regulate the functional equilibrium of
these enzymes in kidney and vascular tissue and hence lead to an in-
crease in BP [49]. The realization by Edwards, Stewart, and Monder
that 11β-HSD2 plays a major function to regulate the magnitude of MR
mediated Na + retention in kidney represents a seminal discovery
[11,12,47]. 11β-HSD1 had earlier been shown to be present in kidney,
predominantly in the proximal tubules [11]. The confirmatory experi-
ments demonstrating that 11β-HSD1 is present in kidney proximal tu-
bules in a variety of species, including humans, and the observation that
the 11β-HSD1 functions directionally as a dehydrogenase [52,53] re-
quires in-depth investigation. Thus, if the dehydrogenase in this portion
of the kidney tubule functions to inactivate cortisol, like 11β-HSD2 does
in the distal tubules, 11β-HSD1 may also function as a “guardian” of
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