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Graphical Abstract Novelinsights and open questions about the anti-atherosclerotic actions of propionate through immune-dependent regu-
lation of intestinal cholesterol metabolism; adapted from Haghikia et al.""

Despite the tremendous progress in cardiovascular (CV) treatments Therefore, a paradigm shift in our understanding of the patho-
in the past decades, the incidence of atherosclerotic CV diseases physiology of ACVD is needed to identify novel players, which, in
(ACVDs) s still increasing worldwide and will remain the leading : addition to traditional CV risk factors, contribute to the initiation,
cause of death and morbidity in the years ahead.' progression, and complications of CV disease. It has become evident
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that the gut microbiota is a pivotal ecosystem impacting CV health
and disease,” but our knowledge of its exact role is still fragmentary.
Unveiling the cross-talk between the gut microbiota, its metabolites,
and the CV system will move us towards novel and individualized
treatments able to reduce the onset and progression of ACVD.

Across the millennia, the intestinal microbiota has evolved into an
ecosystem of microorganisms living in a symbiotic relationship with
the host. The human microbiota lives in the small and, mainly, in the
large intestine, and protects the host from pathogen colonization,
modulates the immune system, synthesizes vitamins, or extracts en-
ergy from undigested fibres through bacterial fermentation and pro-
duction of short-chain fatty acids (SCFAs) or other metabolites
absorbed into the systemic circulation and able to modulate the func-
tion of different organs.>

The short-chain fatty acid
propionate

The main SCFAs are acetate, propionate (PA), and butyrate. SCFAs
derive from intestinal anaerobic fermentation of dietary fibres and
complex polysaccharides, and are considered to have beneficial
properties in different disease conditions such as bowel, respiratory,
and cardio-metabolic diseases, although their mode of action has yet
to be fully elucidated. Under physiological conditions, SCFA levels in
the peripheral blood are in the micromolar range, with acetate being
the most abundant.* Consumption of a high-fibre diet raises total
SCFA concentrations in the blood, and the CV beneficial effects of
the Mediterranean diet are partly attributed to its content of fruits,
vegetables, and legumes, which are associated with increased SCFA
levels and increased bacterial diversity.” Accordingly, low fibre intake
leads not only to a reduction in gut microbiota composition and di-
versity, but also to a reduction in the production and circulating levels
of SCFAs

Acetate and butyrate improved endothelial dysfunction induced
by the pro-inflammatory and vasoconstricting angiotensin Il (Angll)
by increasing the bioavailability of the vasoprotective gas nitric oxide.®
Interestingly, chronic Angll infusion in rats induced hypertension
accompanied by a decrease in acetate- and butyrate-producing bac-
teria, and plasma butyrate was relatively depleted in hypertensive
patients.7

In another experimental study, propionate treatment protected
from cardiac hypertrophy, fibrosis, vascular dysfunction, and
decreased blood pressure in experimental Angll-induced
hypertension.

SCFAs have potent anti-inflammatory and immunomodulatory
effects. PA has been shown to induce the differentiation and enhance
the suppressive capacity of the T regulatory (Treg) cells. Systemic de-
pletion of Treg cells accelerates atherosclerosis in hypercholestero-
laemic mice and is reported in patients with ACVD and immuno-
metabolic inflammatory conditions.™'® Supplementation of PA in
immune-mediated inflammatory disease such as multiple sclerosis sig-
nificantly increased functionally competent Treg cells, leading to
reduced annual relapse rates together with reduced brain disease
progression.9

Indeed, the anti-hypertensive and anti-atherogenic effects of PA
have been recently linked to its beneficial immunomodulatory actions
enhancing Treg cells.®

Novel findings

The study by Arash Haghikia et al. published in this issue of the
European Heart Journal identifies a novel regulatory circuit where
PA exerts immune-regulatory effects selectively in the gut to
control intestinal cholesterol homeostasis and reduces the aortic
atherosclerotic lesion area in the hypercholesterolaemic and
atherosclerosis-prone apolipoprotein E-deleted (ApoE™") mice fed a
high-fat diet (HFD).""

Mechanistically, PA increased Treg cell numbers, which in turn
released high concentrations of interleukin (IL)-10, the major Treg
cytokine, in the intestinal wall. IL-10 suppressed the expression of
Niemann—Pick C1-like 1 (NPC1L1), a major transmembrane trans-
porter responsible for intestinal cholesterol absorption. As a conse-
quence, treatment with PA prevented the increase in total and LDL
cholesterol induced by HFD. Furthermore, the Authors performed a
randomized, placebo-controlled, double-blind trial enrolling a total of
62 patients with LDL cholesterol levels >115 mg/dL, who were
randomized to receive either oral placebo or PA (500 mg) twice daily
for 8 weeks.

The PA-treated group showed a reduction in LDL [-15.9 mg/dL
(-8.1%)] and non-HDL cholesterol levels. In line with the findings
from the experimental studies, phenotyping of peripheral T cells dis-
played significant increase of Tregs in the PA group without significant
alteration of Th17 or Th1 cell numbers.

These novel results suggests that PA may serve as a specific pre-
biotic to selectively modulate the intestinal immune system, namely
the Treg cell-IL-10 axis, leading to reduced intestinal cholesterol ab-
sorption with lowering effects of plasmatic LDL.

A major strength of the work by Haghikia et al. is the convergent
findings of a PA-dependent immunomodulatory and lipid-lowering ef-
fect in hypercholestorelaemic rodents and patients.

Open questions

Given its clinical relevance, this translational work also raises a num-
ber of important questions (Graphical Abstract).

What is the role of bile acids in PA-
mediated lipid regulation?
Cholesterol 7 alpha-hydroxylase is a critical regulatory enzyme of
bile acid biosynthesis that was up-regulated in hepatocytes of
ApoE ™" mice upon PA treatment. Bile acids are products of choles-
terol catabolism and natural ligands for the farnesoid X receptor
(FXR), a member of the nuclear receptor hormone superfamily. '
FXR activation changes the circulating and intestinal bile acid pool
composition, leading to inhibition of intestinal cholesterol absorp-
tion' and higher intestinal cholesterol excretion, which was indeed
increased in ApoE™" mice after PA treatment in the present study.
Interestingly, HFD expression of apical sodium-bile acid transporter,
which mediates active uptake of conjugated bile acids to maintain
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their enterohepatic recirculation'® remained up-regulated upon PA
treatment, possibly leading to increased circulatory bile acids.
Although mRNA expression of FXR was not significantly altered by a
HFD and PA treatment, a potential activation of its direct down-
stream effectors in the hepatic and intestinal compartments may still
be present and needs further investigation. Thus, whether the early
lipid-lowering effects of PA may be mediated in part by a bile acid-
dependent mechanism remains untested.

Will the PA-mediated lipid reduction be

a long-term effect?

In-depth investigation in future studies is needed to confirm whether
lipid-lowering actions of PA supplementation persist and potentially
increase during long-term treatment. If efficacy will be equal in both
sexes, in people with different geographic origins and diets, concomi-
tant diseases (especially disarrangements of glucose control) and
medications, PA oral supplements may become an appealing, add-on
option to existing cholesterol-lowering treatments, for instance to
synergize treatment with ezetimibe which acts by blocking the sterol-
induced internalization of NPC1L1 or as an alternative in cases of in-
tolerance to it.

Adherence to currently available LDL-lowering treatments is still
unsatisfactory and thus a prebiotic approach with PA may hold the
promise of an inexpensive treatment with an excellent tolerability
and safety profile, with a potential better patient compliance.
Unfortunately, at present, poor treatment adherence is a key predict-
or of unsatisfactory LDL cholesterol targets and cardiovascular mor-
tality in statin-treated patien‘cs.1 3

The work of Haghikia et al. describes reduction of the atheroscler-
otic plaque burden in hypercholesterolaemic and atherosclerosis-
prone mice under a HFD. Clinical trials with PA supplementation in
patients with established ACVD would then be the next step to as-
sess whether the promise of atherosclerotic plaque burden reduc-
tion holds true and whether PA contributes to the transformation of
vulnerable atherosclerotic lesions into more stable plaques. Further
animal and human studies may also provide us with a comprehensive
understanding of the underlying (i.e. anti-inflammatory?) mechanisms.

Gut microbiota: causal or
bystander?

The last and most challenging question raised by this proof-of-con-
cept study is about which gut bacterial species may be responsible
for the PA production and may therefore be therapeutically targeted
by personalized interventions able to modulate PA production.

Despite accumulating literature reporting different subsets of gut
bacteria such as Lactobacillus strains capable of metabolizing propion-
ate with cholesterol-lowering proper’cies,14 Haghikia et al. found that
gut microbiota composition and diversity were unchanged in faecal
samples obtained from patients at baseline and after PA supplemen-
tation over 8 weeks.

Thus, is it conceivable that some gut microbiota species may alter
their metabolism in response to oral application of PA, leading to the
production of other metabolites (e.g. bile acids), at least partly contri-
buting to the lipid-regulatory effects of PA. According to recent

reports, PA or other SCFAs may, for instance, stimulate the colonic
L-cells with intestinal production of glucagon like peptide-1 (GLP-1)
and peptide-YY (PYY)," which, in turn, are known to mediate benefi-
cial CV effects.'®

Haghikia et al. show that in mice with depleted gut microbiota after
treatment with antibiotics, PA was not able to significantly attenuate
atherosclerotic lesion size as it did in mice with intact gut microbiota.
This finding supports the existence of other gut microbial-dependent
anti-atherogenic metabolites or mechanisms beyond the described
down-regulation of NPC1L1-dependent intestinal cholesterol
absorption.

In line with this notion, Bartolomaeus et al. recently showed that
PA treatment, thanks to its beneficial systemic immunomodulatory
and anti-inflammatory effects, reduced aortic atherosclerotic lesion
burden in Angll-infused ApoE™~ mice without affecting serum levels
of total cholesterol, LDL, HDL, or triglycer"ides.8

Further studies are therefore needed to shed light on the exact
role of the gut microbiota on the promise held by PA to be a novel
antiatherosclerotic effector exerting beneficial effects on (i) immune
cells, locally or systemically, (ii) a systemic reduction of plasma lipid
levels, or (iii) both.

Take-home messages

Mounting evidence has linked changes in the composition or meta-
bolic profiles of the microbiota with human disease, including fre-
quent CV disorders such as heart failure, hypertension, and
atherosclerosis.

To prove beyond doubt whether and how changes in the gut
microbiota are causally associated with CVD, are influenced by CVD,
or are simple bystanders represents the most difficult challenge to be
faced within the next decade to make sure that the microbiome
might become an integral part of clinical cardiovascular medicine.
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