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Abstract

Purpose of Review The present review focuses in the
hypertension-associated changes in the microbiota and the
current insights regarding the impact of probiotics on blood
pressure in animal models and in human hypertensive
patients.

Recent Findings Gut dysbiosis in hypertension is character-
ized by (i) the gut microbioma that is less diverse and less rich
with an increased Firmicutes/Bacteroidetes ratio and (ii) a
decrease in acetate- and butyrate-producing bacteria and an
increase in lactate-producing bacterial populations. The
meta-analysis of the human studies supports that supplemen-
tation with probiotics reduces blood pressure. The mechanism
of this antihypertensive effect of probiotics and its protective
effect on endothelial function has not been fully elucidated.
Summary Further investigations are needed to clarify if the
effects of probiotic bacteria result from the changes in the
gut microbiota and its metabolic by-products; the restoration
of the gut barrier function; and the effects on endotoxemia,
inflammation, and renal sympathetic nerve activity.
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Introduction

Hypertension is one of the most powerful risk factors for car-
diovascular events, including myocardial infarction and
stroke. Hypertension is present in about one quarter of the
world’s population and is responsible for about 41% of the
cardiovascular disease-related deaths [1]. Treatment with any
commonly used antihypertensive regimen reduces the risk of
total major cardiovascular events; the larger the reductions in
blood pressure (BP) are, the larger the reductions in risk are
[2]. Although more than 60 distinct drugs are available to
lower BP, less than half of the treated hypertensives reach
the currently recommended BP targets. Furthermore, an esti-
mated 10-30% of the general hypertensive population present
resistant hypertension, defined as high BP not adequately con-
trolled by three antihypertensive agents from different classes,
one of them a diuretic [3].

BP is determined by the following three main factors: vas-
cular smooth muscle cell (VSMC) tone, cardiac function, and
renal Na* excretion and plasma and total body volume, which
control peripheral vascular resistances (PVRs), cardiac output,
and intravascular volume, respectively. Even when the under-
lying cause of hypertension is unknown, in ~95% of patients,
an increase in PVR is the key component of hypertension. In
recent years, progress in basic research has led to the identifi-
cation of new VSMC signaling pathways and possible thera-
peutic targets for the treatment of hypertension, and several
promising drugs have subsequently been developed [4].
Current guidelines for the management of arterial hyperten-
sion propose lifestyle measures, including dietary approaches
in all patients, including those who require drug treatment.
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The purpose of these lifestyle measures is to lower BP, to
control other risk factors, and to reduce the number or the dose
of antihypertensive drugs [3]. These preventive strategies
have had limited success. Therefore, there is an urgent need
for alternative strategies.

In recent years, gut microbiome dysbiosis has been associ-
ated with hypertension [5¢], although the mechanisms in-
volved in the BP control by the microbiota has not been fully
elucidated. Recently, a brain-gut-bone marrow triangular in-
teraction has been suggested as a new mechanism involved in
the pathophysiology of hypertension [6¢]. Therefore, manip-
ulation of the gut microbiota may lead to the development of
novel antihypertensive therapies. Several clinical trials and
animal studies have been conducted evaluating the use of
probiotics. Herein, we review the changes in the microbiota
associated to hypertension and discuss the current insights
regarding the impact of probiotics in animal models and in
human hypertensive patients.

Gut Microbiota in Hypertension

The mammalian microbiome consists of unique assemblages
of microorganisms (i.e., bacteria, archaea, fungi, and viruses)
associated with various niches in and on the body. The gut
microbiota is dominated to a large extent by Firmicutes and
Bacteroidetes and to a lesser extent by Actinobacteria and
Proteobacteria [7]. However, gut microbiota constantly
adapts to lifestyle modifications, such as diet and even exer-
cise. In addition, it has been commonly observed that a change
in the host health status has been accompanied by a shift in the
gut microbiota.

To date, there are limited studies indicating a direct associ-
ation between gut microbiota and hypertension in both animal
models and humans. Recently, it has been demonstrated that
the normal gut microbiota may influence BP. Karbach et al.
[8¢] showed that BP was not different between germ-free and
conventionally raised mice, which is consistent with previous
observations describing no effect in BP after dramatic reduc-
tion in fecal microbial biomass induced by antibiotic treatment
[9¢]. Similarly, it has been described that both the Firmicutes/
Bacteroidetes ratio and the abundance levels of selected gen-
era in pre-hypertensive spontaneously hypertensive rats
(SHR) were not significantly different from the age-matched
Wistar-Kyoto rats (WKY) [6¢]. However, the absence of gut
microbiota protects mice from angiotensin Il-induced hyper-
tension, vascular dysfunction, and hypertension-induced end-
organ damage, showing for the first time that commensal mi-
crobiota, an ecosystem that is acquired directly after birth,
could represent an environmental factor promoting angioten-
sin II-induced high BP [8¢]. Similarly, oral administration of
antibiotics improved BP in angiotensin II-induced hyperten-
sion and in SHR [5¢]. Case report of resistant hypertensive
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patients shows a BP reduction from 160/90 to 130/
60 mmHg after a combination of antibiotic treatment [10].

A delicate balance in the gut microbiota composition is key
in maintaining intestinal immunity and whole-body homeo-
stasis. An imbalance in gut microbiota is commonly known as
dysbiosis. Recently, it has been demonstrated that high BP is
associated with gut microbiota dysbiosis, both in animal and
human hypertension [5e, 11]. In animal studies, gut dysbiosis
in hypertension was characterized by (i) the gut microbioma
that is less diverse, less rich, and shows an increased
Firmicutes/Bacteroidetes ratio, caused by an expansion of
Firmicutes and a contraction of Bacteroidetes, and (ii) a de-
crease in acetate- and butyrate-producing bacteria and in-
crease in lactate-producing bacterial populations. However,
the clinical evidences of a role for dysbiosis in hypertension
are limited. Yet, obese school girls with high BP show lower
abundance of Bacteroidetes in their gut microbiota than
normal-weight girls [12]. In addition, overweight and obese
pregnant women at 16-week gestation, the abundance of
butyrate-producing bacteria, and butyrate production in the
gut microbiota are significantly negatively associated with
BP and with plasminogen activator inhibitor-1 (PAI-1) levels
[13]. In that study, the abundance of the butyrate-producing
genus Odoribacter was inversely correlated with systolic BP.

A significant change in gut microbiota population between
adult SHR and age-matched WKY has also been shown [14¢]
and is characterized by increased numbers of Gram-negative
Bacteroides spp. (phylum Bacteroidetes) and Gram-positive
Clostridium spp. (phylum Firmicutes) and reduced numbers
of bifidobacteria (phylum Actinobacteria). Considering the
different methods used to explore gut microbiota in this study
(qQRT-PCR for some bacteria genera) in comparison to those
used by Yang et al. [S¢] (16-s ribosomal DNA sequencing),
comparing the data from both microbiota analyses is difficult.
However, a significant depletion of Bifidobacterium sp. in
SHR was noted in both studies. Bifidobacterium is commonly
considered a beneficial bacterial genus that plays a critical role
in the maturation and regulation of the immune system [15].
Consequently, Bifidobacterium depletion might contribute to
the dysregulation of the immune system found in SHR [16]. It
is important to note that in pre-hypertensive SHR, the abun-
dance levels of selected genera were not significantly different
from the age-matched WKY (Fig. 1) and the Firmicutes/
Bacteroidetes ratio was also similar between both strains
[6°]. These findings support the suggestion that the BP in-
crease in the SHR is closely associated with the development
of gut dysbiosis. However, in other studies, no significant
changes in gut microbiota after L-NAME treatment in rats
[17] or between WKY and SHR [18] were observed, which
could be attributed to difference in technologies used.

This association between gut microbial dysbiosis and hy-
pertension does not necessarily indicate a cause-effect rela-
tionship. The demonstration of the involvement of these
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Fig. 1 Age-dependent association between tail systolic blood pressure (SBP) and gut microbiota composition in genetic hypertension

microbial populations in pathophysiology requires more com-
plex experimental design. We performed fecal transplantation
studies between control WKY and SHR. Interestingly, fecal
microbiota transplantation from adult SHR to adult WKY re-
sults in a chronic raise in BP (Fig. 2), vascular oxidative stress,
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Fig.2 Tail systolic blood pressure (SBP) measured after 4 weeks of fecal
microbiota transplantation from adult normotensive Wistar-Kyoto rats
(WKY) and spontaneously hypertensive rats (SHR). Groups W-W,
WKY transplanted with fecal microbiota from WKY; W-S, WKY
transplanted with fecal microbiota from SHR; S-S, SHR transplanted
with fecal microbiota from SHR; S-W, SHR transplanted with fecal
microbiota from WKY

and impaired endothelial function. Conversely, fecal microbi-
ota transplantation from WKY to adult SHR induced a BP
reduction and improvement of endothelial dysfunction.
These results confirm previous studies suggesting a strong
association between gut microbial dysbiosis and hypertension,
establishing a cause-effect relationship between altered micro-
biota and high BP.

The gut microbiota can potentially influence host BP
through multiple mechanisms. The modulation of the immune
system by gut microbiota is an area of active investigation.
One potential mechanism for this is through bacterial products
that enter the circulation. Although several bacteria genera,
such as Streptococcus, Escherichia, Lactobacillus, and
Bifidobacterium, can synthesize neurotransmitters, the evi-
dence for a pathophysiological role is very weak [19].
However, there is abundant evidence that gut microbiota has
important influences on host cell physiology through bacterial
metabolic products such as short-chain fatty acids (SCFAs)
[9¢] or trimethylamine-N-oxide [20] or bacterial wall compo-
nents such as lipopolysaccharide (LPS) [21, 22]. Therefore,
adiposity and inflammatory response are controlled by the gut
microbiota [23, 24]. Furthermore, the gut flora may interact
with intestinal epithelial cells and dendritic cells, which con-
trol the innate and adaptive immunities [25]. For example,
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SCFAs such as acetate and butyrate have been shown to have
antiinflammatory effects on myeloid cells as well as intestinal
epithelial cells [26]. Through histone deacetylase inhibition,
butyrate regulates intestinal macrophage function [27], where-
as acetate promotes T-helper 17 cell development [28]. T-
helper 17 cells are modulated by various gut immune and
microbial mechanisms and have been associated with the de-
velopment of hypertension and vascular dysfunction [29]. The
SCFA levels produced by gut microbial fermentation were
associated with BP in human [30]. In fact, butyrate attenuates
angiotensin II-induced hypertension in mice [31], and both, a
diet rich in fiber, which substantially increases the production
of SCFAs such as acetate, or acetate supplementation,
prevented the development of hypertension in
deoxycorticosterone acetate (DOCA) salt [32].

SCFAs modulate BP through the renal and vascular olfactory
receptor (Olfr)78 and G-protein-coupled receptor (GPR)41 in
mice [9¢]. These receptors are mutually antagonistic and respond
to SCFAs. Stimulation of Olfr78 elevates BP, whereas stimulation
of GRP41 lowers BP. However, Olfr78 is less sensitive to SCFAs
compared with GPR41 [33]. Therefore, we sought to determine
whether there were alterations in messenger RNA (mRNA) ex-
pression of the rat orthologs of Olfr78 and GPR4 1, namely, Olfr59
and free fatty-acid receptor 3 (Ffar3) at the vasculature, comparing
WKY and SHR models. Interestingly, we found a threefold up-
regulation of Olfr59 in aorta accompanied by a 70% downregu-
lation of Ffar3 (Fig. 3) in SHR. In addition, prohypertensive an-
giotensin Il also induces similar qualitative expressional changes
in rat aortic endothelial cells (RAECs) (Fig. 3b). Because Ffar3
induces vasodilatation in response to SCFAs, and subsequently
reduces BP [9¢], these expressional data support the suggestion
thataltered SCFA receptors in aortamay play arole in elevated BP
ofthe SHR. In contrast, other receptors for SCFA do not appear to
play any role. Thus, in hypertensive DOCA-salt mice, GPR43
and Olfr78 were not expressed in the kidney or heart [32] and
GPR43 mRNA was also downregulated in the gut with mineral-
ocorticoid excess.

The gut microbiota influences the host inflammatory re-
sponse [34]. Inflammation may have an important role in the

development of hypertension in both humans and experimen-
tal animal models, as is suggested by several lines of evidence.
One potential mechanism by which inflammation may pro-
mote hypertension is by causing endothelial dysfunction.
Endothelial dysfunction may contribute to increased PVR
and thus lead to the development of hypertension, which com-
monly manifests as impaired endothelium-dependent vasodi-
lation caused by an imbalance between vasoconstrictors and
vasodilators [35]. Inflammation can alter the rates of synthesis
and degradation of vasoconstrictors and vasodilators includ-
ing nitric oxide (NO). Impaired NO bioactivity is associated
with hypertension, and inflammation has been shown to
downregulate NO synthase (NOS) activity [35]. Bacterial
LPS, through TLR4 activation, contributes to increased BP
and low-grade vascular inflammation displayed by SHR
[16]. TLR4 protein expression, in fact, was higher in vascular
tissues from 15-week-old SHR than in age-matched Wistar
controls or in 5-week-old SHR [16]. In addition, chronic L-
NAME treatment also augmented TLR4 expression [36];
TLR4™" mice demonstrated a full BP protection against L-
NAME-induced hypertension [37]. Enhanced TLR4 expres-
sion thus might be linked to the development and maintenance
of hypertension. LPS stimulates and increases the expression
of TLR4 in the vasculature, which resulted in increased
NADPH oxidase-dependent O, production and inflamma-
tion [22¢, 38].

Therefore, a triangular connection involving a dysfunction-
al sympathetic-gut-bone marrow communication has been
suggested in hypertension [6¢]. Increased sympathetic activity
to the gut results in elevated gut permeability, altered inflam-
matory status, and microbial dysbiosis impacting bone mar-
row production of proinflammatory cells [39].

Collectively, all data suggest an association between gut
microbial dysbiosis and hypertension, possibly by altering
bacterial metabolism and/or structural products, which are
subsequent changes in T lymphocyte populations, inflamma-
tion, vascular oxidative stress, and endothelial dysfunction,
impacting in central nervous system, renal, and vascular reg-
ulation of BP.
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Probiotics in Hypertension

Probiotics are defined as “live microorganisms that, when
administered in adequate amounts, confer a health benefit on
the host” [40]. There are increasing numbers of probiotic
products available to consumers, which include yogurt, other
fermented milk, and food products as well as various forms of
dietary supplements. These products are usually prepared
using lactic acid bacteria of the following four general species:
Lactobacillus sp., Bifidobacterium sp., Enterococcus sp., and
Streptococcus sp., although the probiotic bacteria type and
composition vary from product to product. Common probiotic
yogurts often contain one or two bacterial strains, such as
Bifidobacterium lactis and/or Lactobacillus acidophilus,
whereas kefir, another fermented milk product, contains many
more strains. Probiotics also affect the composition and the
diversity of the gut microbiota, and their potential role in dif-
ferent diseases is currently a hot topic for research and discus-
sion [41, 42]. Although the use of probiotics has been primar-
ily associated with the improvement of gastrointestinal health,
recent evidence has also shown that probiotics play an impor-
tant role in other diseases, including hypertension.

Few studies are currently available on the use of
probiotic microorganisms at reducing cardiovascular dis-
ease. For example, some probiotics display cholesterol-
lowering properties [43, 44], improve atherosclerosis
[45, 46], or attenuate myocardial hypertrophy and heart
failure after myocardial infarction [47].

The beneficial effects of probiotic strains on BP have been
reviewed recently [48—51]. The ability of probiotics to reduce
BP has been attributed to the release of bioactive peptides
during the fermentation of food products, such as the
angiotensin-converting enzyme inhibitory peptides.
However, the bioavailability of such peptides is unclear. In
addition, it has been described that some lactic acid bacteria,
such as Lactobacillus johnsonii Lal (LJLal), a probiotic
strain adhesive onto intestinal epithelial cells, has hypotensive
action in urethane-anesthetized rats [52]. Intraduodenal injec-
tion of LJLal reduced renal sympathetic nerve activity
(RSNA) and BP and enhanced gastric vagal nerve activity
(GVNA). Pre-treatment with thioperamide, a histaminergic
H3-receptor antagonist, eliminated the effects of LJLal on
RSNA, GVNA, and BP. Furthermore, bilateral lesions of the
hypothalamic suprachiasmatic nucleus, the master circadian
oscillator, abolished the suppression of RSNA and BP and
the elevation of GVNA caused by LJLal. These findings sug-
gest that LJLal or its metabolites might lower BP by changing
autonomic neurotransmission via the central histaminergic
nerves and the suprachiasmatic nucleus in rats. By contrast,
the intragastric Lactobacillus casei Shirota injection reduced
efferent sympathetic nerve outflow to the adrenal gland and
liver but did not alter GVNA, RSNA, and mean BP in anes-
thetized rats [53]. These results suggest that BP regulation

induced by probiotics is strain specific. Furthermore, the mo-
lecular mechanisms involved in the antihypertensive effects
are unknown.

Only few animal studies analyzed the mechanisms in-
volved on the antihypertensive effects of chronic probiotic
consumption. It is well established that consumption of
probiotics inhibited the production of proinflammatory cyto-
kines [54-56]. We evaluated for the first time the effects of a
probiotic with immunomodulatory properties, Lactobacillus
coryniformis CECT5711, originally isolated from a traditional
goat cheese, in BP and vascular function in obese mice fed on
a high-fat diet (HFD) [22¢]. The probiotic treatment was given
for 12 weeks, and it did not affect the weight evolution, al-
though it reduced high BP, basal glycemia, and insulin resis-
tance. L. coryniformis administration to HFD-induced obese
mice induced marked changes in microbiota composition and
reduced the metabolic endotoxemia as it decreased the LPS
plasma levels, which was associated with a significant im-
provement in gut barrier disruption. Furthermore, it lowered
tumor necrosis factor &« (TNF«x) expression in liver, improv-
ing the inflammatory status, and thus the glucose metabolism.
Additionally, the probiotic reversed the endothelial dysfunc-
tion observed in obese mice. It also restored the increased
vessel superoxide levels observed in obese mice, by reducing
NADPH oxidase activity and increasing antioxidant enzymes.
Moreover, chronic probiotic administration for 2 weeks also
improved endothelial dysfunction and vascular oxidative
stress induced by in vivo administration of LPS in control
mice fed on a standard chow diet. These results are in agree-
ment with the following hypothesis: HFD induces changes in
gut microbiota that disrupt the gut barrier leading to a higher
LPS plasma levels. Thus, LPS impacts with target metabolic
organs (such as the liver), altering glucose metabolism, and
vascular wall, leading to oxidative stress. Both metabolic and
direct vascular effects are involved on endothelial dysfunction
and hypertension. L. coryniformis administration induced
changes in the gut microbiota that improved gut barrier dys-
function, reducing plasma LPS and the subsequent alterations
in glucose metabolism and vascular oxidative stress. In addi-
tion, by unknown mechanisms, the probiotic impaired LPS
signaling contributing to improve endothelial dysfunction.

The effects of oral supplementation with probiotics in non-
obese SHR, an established model of genetic hypertension
characterized by elevated BP, arterial remodeling, endothelial
dysfunction, vascular inflammation, and dysregulation of the
immune system, were also studied [13]. Two groups of treat-
ments with probiotics with inmunomodulatory properties
were used: (a) Lactobacillus fermentum CECTS5716 or (b)
L. coryniformis plus L. gasseri. Both probiotic treatments in-
duced a change in the cecum microbiota of SHR, with higher
counts of the Lactobacillus spp. cluster and lower counts of
Bacteriodes spp. and Clostridium spp. These changes were
associated with the improvement of vascular oxidative and
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inflammatory status resulting in increased NO bioavailability.
Similarly, antihypertensive and vascular protective effects in
SHR have been described after 8 weeks of treatment with
L. casei 10"" CFU/day [57]. In addition, kefir treatment for
60 days was able to improve the endothelial function in SHR
by partially restoring the reactive oxygen species (ROS)/NO
imbalance and the endothelial architecture due to endothelial
progenitor cell recruitment [58]. By contrast, adding
probiotics to a blueberry-enriched diet does not enhance and
actually may impair the antihypertensive effect of blueberry
consumption. However, probiotic bacteria are not interfering
with blueberry polyphenol metabolism into hippuric acid [59].

In human, a recent meta-analysis of randomized, controlled
trials suggests that consuming probiotics may improve BP
[60°]. In the nine trials included, probiotic consumption sig-
nificantly lowered systolic BP by 3.56 mmHg and diastolic
BP by 2.38 mmHg compared with the control groups. This
meta-analysis suggests that consuming probiotics may im-
prove BP by a modest degree, with a potentially greater effect
when baseline BP is elevated, multiple species of probiotics
are consumed, the duration of intervention is >8 weeks, or
daily consumption dose is >10"' CFU.

Conclusion

Several questions would be addressed. First, if these vascular
protective effects are related to changes in immune cell infil-
tration, reducing vascular oxidative stress, and increasing NO
levels. Second, fecal microbiota transplantation studies are
necessary to be known if changes in gut microbiota induced
by probiotics are ultimately responsible to restore gut perme-
ability and inflammatory status impacting in bone marrow
production of proinflammatory cells, which subsequently in-
hibit the autonomic dysregulation in hypertension. Third, if
changes induced by specific probiotic in plasma or tissue
levels of SCFAs are involved in their antihypertensive effects.
The answer to these questions could clarify not only the mech-
anisms involved on the protective effects of specific probiotic
bacteria but also their potential in human hypertension
treatment.

Taken into account that the pathophysiological mecha-
nisms involved on high BP development in these patients
may vary and that the mechanisms of BP-lowering effect of
specific probiotics are unknown, it is worth to investigate if
we can choose a specific probiotic strain to gain benefits in a
particular hypertensive patient.
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